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1. INTRODUCTION 
 
 
 
 
 
1.1 MOLECULAR ELECTRONICS 
 
 
 
1.1.1 Molecular Electronics 
Molecular-scale electronics seek to assemble appropriate molecular components for exerting 
specific functions1,2 in order to design and fabricate electronic circuits and ultimately devices 
on the molecular level.1-7 Both electronic transport through and functional operations by 
molecules depend on chemical structure, thus interfacing physics and chemistry.8 Richard 
Feynman’s lecture of 1959 entitled "There´s Plenty of Room at the Bottom"9 is considered a 
milestone in the exploitation of non-colligative properties at the single-atom level and is 
marked as a seminal event in the history of nanotechnology, still inspiring new concepts in the 
field decades later. He considered the possibility of direct manipulation of individual atoms to 
further the fields of electronics and optics. But replacing single atoms by single molecules 
would not make a great difference considering the physical principles of a microscopic world 
and the functional exploitation of such units. Furthermore, molecules are in general more 
stable than single atoms and carry distinct and device-related properties, such as the option to 
manipulate structural, electronic or spectroscopic characteristics by e.g. photo- or 
electrochemical input.10 Also, the theoretical foundations and experimental techniques to 
design and build systems with specific properties are established for molecules, while the 
manipulation of single atoms is still in its infancy.  
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The evolution of molecular electronics has strongly progressed and gained momentum 
through interdisciplinary efforts, joining forces of theory, physics and chemistry.11 From the 
chemistry side, the main contribution towards single-molecule electronics is to provide a 
rational design for the synthesis of unique molecular entities suitable of probing structure-
function relationships,12-14 which is a categorical prerequisite to comprehensively understand 
the processes underlying electronic transport on the single-molecule level. Ultimately this 
know-how is expected to be the basis for creating tailored functional molecular building 
blocks for electronic tasks as e.g. conductance switching or charge storing, and to eventually 
enable the implementation of molecular-scale devices to provide novel functionalities based 
on intrinsic molecular mechanisms, such as multi-level redox activity or quantum 
interference. 
 
To build a basic electronic circuit on the molecular scale, two different molecular components 
are needed:2,15 (1) pi-conjugated molecules, so-called “molecular wires” combining a rigid-rod 
structural layout with favorable orbital overlaps along the electronic charge pathway to allow 
efficient resonant transport of electric charge over distances of several nanometres, and (2) an 
intrinsic functional moiety capable of enabling operations such as rectification, conductance 
switching, e.g. via quantum interference or charge storing. 
 
 
 
1.1.2 Techniques for Single Molecule Conductance Measurements 
The experimental techniques to investigate molecular transport are evolving at a fast pace and 
by now allow the probing of single molecules in so-called molecular junctions, which can be 
subdivided into three main components:16 an experimental setup providing atomic-sized 
electrodes separated by a tunable gap of molecular dimensions (0-3 nm), a functional 
molecular unit providing a pathway for electrons to travel between the two electrodes under 
an applied field, and the termini of the molecular unit, the so-called anchoring groups or 
endgroups. These functional groups establish the mechanical and electronic contact between 
the functional molecular unit - the molecular “backbone” - and the electrodes by chemical 
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19 
means thereby immobilizing the molecule in the junction and forming a solid-state device. 
Suitable molecular entities are structurally rigid and consist of molecular orbitals (MOs) that 
are coupled/overlapping along the electronic pathway to facilitate resonant electron transport. 
The conductance can be modulated by varying the level of MO coupling, the energetic 
position of the MOs in respect to the Fermi energy EF of the electrodes or the injection barrier 
from the electrodes to the MOs. In that context, the anchoring groups are key to establish a 
mechanically stable contact and to control the electronic coupling between the molecule and 
the electrodes.17 The chemical design defines the type of transport mechanism and its 
efficiency by tuning the electronic overlap between MOs and orbitals of the metallic 
electrodes. 
 
A number of different experimental methods were developed to investigate the transport 
properties of single molecules:18 scanning tunneling microscopy (STM), conductive probe 
atomic force microscopy (CP-AFM), scanning tunneling microscopy break junctions (STM-
BJs), crossed wires, nanoparticle assemblies, electromigration break junctions (E-BJs), 
nanopores, and liquid metal junctions employing mercury or gallium−indium eutectic alloys 
(EGaIn). 
 
Currently, one of the the most sophisticated method of investigating the electron transport 
properties of a single molecule is the so-called "Mechanically Controllable Break Junction 
(MCBJ) technique"19 (Figure 1).  
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Figure 1. (a) Scanning electron microscopy image of microfabricated MCBJ sample with a 
schematically drawn electrical circuit; (b) the MCBJ principle.
 
 
Here, a prefabricated thin gold strand is placed on a flexible and insulating substra
counter supports are placed firmly on both sides of the strand. Then, controlled by a 
motor, a rod is positioned directly under the gold strand before pushing upwards against the 
substrate base. Being hold in place by the counter supports, 
By this movement, the gold strand is stretched and finally breaks, creating a gap which can be 
controlled in size by a careful and controlled bending of the flexible substrate. By contacting 
the outer ends of the broken 
molecular level is created. This circuit can be closed by molecules of a suitable size carrying 
terminal substituents with a high affinity to gold.
measurements at temperatures of 4 
molecular orbitals in detail.22 
 
Figure 223 depicts the sequence of such a measurement and the energetic changes induced by 
the molecule-electrode contact and the subsequent application of a potential gradient across 
the junction. In a first step, the molecule establishes contact with the metal electrodes (a), 
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the elastic substrate bends convex. 
gold strand electronically, an open electrical circuit on the 
21
 After the junction is formed, 
– 300 K allow to study the electron transport and the used 
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te. Two 
rotator 
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Figure 2. Electronic processes in the molecule
molecule on the electrodes 
through the LUMO
 
resulting in a significant broadening of the molecular energy levels due to the hybridization 
with the metal states.99 
 
Upon the application of a field gradient, 
possible. The rounded arrows show the electron transfer that is
 
Two different experimental procedures can be carried 
(Figure 3):22 Keeping the applied bias constant while stepwise varying the electrode gap 
distance allows the recording of individual conductance
statistical analyses of sets of individual curves allow
conductance), where peaks at distinct conductance values may be correlated to the single
molecule conductance. Stepwise stopping 
given electrode distance (b).22 
 
21 
 
-electrode junction. (a) chemisorption of the 
and broadening of the molecular energy levels
; (c) transport through the HOMO.23,99
transport through the LUMO (b) or 
 about to happen.
out to probe the trapped molecule 
-distance G(d) curves (a). 
 the compilation of histograms 
allows the measurement of an entire I
 
1. Introduction    .  
 
 
 
 
 
; (b) transport 
 
the HOMO (c) is 
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Figure 3. Different experimental procedures to probe a single molecule trapped between 
electrodes. (a) Varying the gap distance under constant bias allows G(d) measurements and 
the compilation of statistical histograms; (b) measuring the current at a given bias and
constant electrode gap gives individual I
 
 
 
 
 
 
 
 
 
 
 
 
 
 
22 
 
 
-V curves to probe molecular orbitals.
 
 
 
22
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1.1.3 Molecules for Single Molecule Conductance Measurements 
At the present stage of development, a search has been started for suitable molecules, starting 
with the most simple molecular electronic component, the molecular wire. Conjugated 
organic moieties, especially those consisting of sp hybridized carbon atoms, have been proven 
to constitute materials that accomplish high electron transfer rates, since they provide well-
defined, fully conjugated, rigid-rod structures with strongly delocalized frontier orbitals.24  
 
The through space tunneling between two molecular sized electrodes is given by:25,26 
 
 
     G = G0e-βL      (Eq. 1) 
 
where G0 is the contact conductance quantum achieved by a direct atomic Au-Au contact, β 
the tunneling decay constant and L the length of the charge transport pathway. As can be seen 
from Equation 1, this type of conductance is temperature independent but decays 
exponentially with the electrode – electrode length. 
 
When a molecule bridges the electrodes, thus forming a molecular junction, the charge 
transport can proceed via two charge transport mechanisms:25,26,99 coherent transport via 
tunneling or superexchange and incoherent thermally activated hopping. The transport mode 
depends to a great extent on the alignment of the two frontier molecular orbitals to the Fermi 
level of the metal electrode.27,99 
 
The first dominates the charge transport through short molecules, and the conductance is 
given by 
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     G = A0e-βL      (Eq. 2) 
 
Here the temperature depending system-specific conductance A0 takes place of the contact 
conductance G0. In this type of transport, an electron crosses the molecular junction in a 
single step and without appreciable abidance on the molecule.  
 
The incoherent and thermally activated hopping follows an Arrhenius relation given by: 
 
     G ∝ exp(-EA/kBT)     (Eq. 3) 
 
where EA is the hopping activation energy, T is the temperature in Kelvin, and kB is the 
Boltzmann constant. Here, the electron first enters into the molecular orbitals from the source 
electrode, and then takes a series of discrete steps (hopping) to reach the drain electrode. For 
this resonant conductance, the molecular resistance depends on each site-to-site hopping 
barrier and this type of charge transport has a relatively weak length dependence.27  
 
 
For very short molecular junctions (≤ 1 nm), a direct through space electron tunneling 
according to Equation 1 has to be taken into consideration.28 This direct electrode - electrode 
tunneling forms a parallel conductance channel, and its contribution to the overall 
conductance cannot be easily ascertained.28  
 
It has been shown that the charge transport rates of purely organic "conducting" systems 
decay exponentially with the distance until, at certain length, the hopping based current 
transport becomes predominant, albeit in a very low conductance regime.25,29,30 Also, the 
molecular frontier orbitals are not in an energetic range with the Fermi Level of the 
electrodes, thus requiring a large bias to be applied over the molecular junction and reducing 
the transport efficiencies. This is constraining severely the dimensions of the molecular 
systems and complicates the implementation of intrinsic molecular functionalities.29-32 
 
 1. Introduction    .  
____________________________________________________________________________________________________ 
 
 
 
 
25 
A number of simple organic molecules, among them alkanes,33,34 phenyl systems,3,22,34-36 
carotenoids,32,37 and oligothiophenes,38 have been investigated so far using different single 
molecule and ensemble methods (Figure 4).  
 
 
 
 
 
Figure 4. Length dependence of conductance for saturated chains and conjugated molecules. 
The conductance in each system decreases exponentially with the length but with a different 
slope (decay constant β) and zero-length conductance A0. 23,42  
 
 
Research interest focused mainly on three areas: (1) the investigation of suitable anchoring 
groups to reproducibly form stable junctions and achieve a strong molecule-electrode 
coupling as well as a high charge injection into the molecular backbone,14,21,39 (2) the 
influence of molecular and orbital geometry on the charge conductance,6,22,35,40,41 and (3) the 
length dependent changes in conductance due to the different shares of elastic tunneling and 
inelastic hopping.25,29,30,32 
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To achieve resonant transport to occur through MOs at relatively low bias for energy-efficient 
applications and a high conductance, the position of the energy levels of the MOs needs to be 
aligned to the Fermi-Level EF of the molecular electronic Au leads. It was shown that Au 
electrodes are comparably soft according to the HSAB concept developed by Pearson.43 The 
HSAB concept states that the chemical hardness can be correlated to the HOMO-LUMO gap 
∆E(H-L), and allows the strength of donor - acceptor interactions to be predicted.44 A small 
HOMO/LUMO gap is denoted as soft, a large HOMO/LUMO gap as hard, while (I+A)/2 (I = 
ionization potential, A = electron affinity) at high negative energy means high 
electronegativity and vice versa. Molecules should therefore be soft and have a relatively low 
electronegativity (be polarizable), to be adjusted to EF. 
 
In contrast to purely organic entities, where MO and EF levels are usually energetically 
separated by several eV (in the isolated case), the introduction of metal centers into molecular 
topologies dominated by carbon frameworks allows to tune the energetic position of the 
electron carrying molecular orbitals (absolute electronegativity according to Pearson44). Such 
organometallic compounds enable a facile tuning of the MO energies because of the strong 
dependence on the kind of the metal center.45-49 and are expected to cope energetically with 
the Fermi level of the macroscopic electronic leads. Furthermore organometallic molecules 
can be tuned for a certain size in the HOMO/LUMO gap, which again provides adjustment of 
the orbital interactions of the molecules with the electronic leads helping to accomplish an 
electronic charge pathway and certain intrinsic functions of the molecules. 
 
These basic facts, together with the rich structural chemistry of ligands and the high tunability 
of transition metals in an ancillary ligand environment, make organometallic molecules highly 
promising candidates for applications in molecular electronics. Nonetheless, investigations 
into organometallic entities are restrained by the lack of suitable series of molecules including 
their endgroups, which allow to probe the interdependencies of structure and electronic 
properties at the molecular level.  
 
____________________________________________________________________________________________________
Up to date, only a few organometal
transport properties. Stepwise assembled coordinatively bounded terpyridine
Co) frameworks50,51, ferrocene/oligo(p
series of mono-, di- and trinuclear Ru(II) 
self-assembled monolayers (SAMs). In this method, the current is measured in bulk and the 
resulting current density J (A/cm
 
The so-called "relay approach", that is the introduction of redox
rigid-rod molecular architectures, was shown to enhance the overall conductance.
depicts the stepwise build-up of rigid
an Au surface. 
 
Figure 5. The relay approach: building up
Au surface. (a) Assembly of the anchor on the gold surface; (b) coordination of M
ligand; (c) coordination of the terpyridine ligand; (d) iterative repetitions of (b) and (c).
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lic structures were probed for their molecular charge 
-phenyleneethynylene)s (OPEs) architectures
σ-arylacetylide complexes52-54 were 
2) gives the conductance of a high number of molecules. 
-active metal centers into the 
-rod terpyridine/M2+ (M = Fe, Co) based ensembles on 
 
 rigid-rod terpyridine/M2+ based ensembles on an 
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The found high conductance rates were attributed to the promotion of a hopping based charge 
transport by providing defined donor
(Figure 6) reinforced the interest in organometallic molecular ensembles. 
 
Figure 6. The relay approach: 
 
 
Likewise, the insertion of ferrocene units into oligo(p
SAMs lead to higher rates of resonant transport compared to simple OPEs of the same length, 
and furthermore showed that the molecular conductance of a long m
regime can exceed the molecular conductance of a short one in the tunneling regime at room 
temperature.27 This observation was attributed to the better alignment of the MOs, in this case 
the LUMO, to the Fermi level of the electrodes.
 
 
 
 
 
 
 
 
28 
 
−acceptor sites. The resulting low distance dependence 
 
 
 
ln J (J = current density A/cm2) versus length of the Fe(II)
Co(II)-based SAMs.50 
-phenyleneethynylene)s (OPEs) based 
olecule in the hopping 
27
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A series of mono-, di- and trinuclear Ru (II) σ-arylacetylide complexes (Figure 7) were the 
first example of organometallic molecules with an all-covalent bonded charge transport 
pathway to be examined. 52-55  
 
 
 
 
 
Figure 7. A series of mono-, di- and trinuclear Ru (II) σ-arylacetylide complexes examined as 
SAMs.52-54 The thioate group cleaves off upon contact with the electrodes, thereby forming a 
S-Au bond. 
 
 
Two structural factors were being varied in the study:54 the first being the number of the 
Ru(dppe) (dppe = 1,2-bis(diphenylphospino)ethane); the second the anchorgroup, which 
allowed a more direct electron injection for the -CH2SAc termination, while the -O(CH2)6SAc 
group decoupled the redox-active functional core from the electrodes. The length dependent 
study exhibited a very weak length dependence of the wire resistance, indicative of a high 
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degree of electronic coupling between the redox centers. The electronic decoupling by 
insertion of the -O(CH2)6SAc functional groups promoted hopping based transport, while the 
non-decoupled -CH2SAc terminated molecules were found to transport charge by direct 
tunneling.54 It has to be noted however, that the introduction of an insulating -O(CH2)6- 
building block also significantly increases the molecular length, thereby disfavoring direct 
tunneling. Measurements of a mononuclear Ru(dppe)(C2PhC2SiMe3) complex showed higher 
conductance compared to an OPE type framework, which was attributed to the better 
alignment of the molecular HOMO with the Fermi levels of the gold contacts.56 
Conductance measurements of organometallic compounds on the single molecule level are 
limited to a few examples up so far. The insertion of ferrocene into an OPE framework 
(Figure 8) gave promising results in single-molecule conductance measurements, with a 
resonant transport based single-molecule conductance exceeding 70% of the conductance 
quantum G0.57 This unprecedented level of conductance, which is significantly higher than the 
tunneling based conductance found for a similar-in-length, all-organic conjugated 
phenylethynyl oligomer molecular framework, was attributed to the low-lying molecular 
resonance and extended orbital network.57  
 
The design concept illustrated that the introduction of transition metal centers into organic 
wires allows to shift orbital alignments and energies to achieve resonant hopping transport 
even for comparably short structures. 
 
 
 
 
 
Figure 8. Molecular structure of an OPE framework functionalized with a ferrocene unit.57  
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The conductance profiles of a mononuclear Ru(II) terpyridine complex, termed "cardan-joint" 
because of the molecular geometry, were investigated at different temperatures from 300 K - 
5 K and the results compared with detailed DFT studies.20 Charge transport most likely occurs 
through the LUMO, which is mostly located on the organic ligand. In a relaxed or stretched 
molecular orientation, the octahedral symmetry ensures that the t2g orbitals direct the current 
through a narrow region close to the Ru(II) core. Upon bending these states are again 
remixed, causing the wavefunction overlap to increase again. As the bending does not require 
a high energy, the room temperature measurements can be interpreted as an incoherent 
average over many microscopic junction configurations. At low temperatures, however, the 
junction is frozen, and captures the molecule in a certain molecular geometry, causing distinct 
features to appear, which is nonetheless not known.20 
 
 
 
 
 
Figure 9. Chemical (top) and molecular (bottom) structure of a mononuclear Ru(II) 
terpyridine complex investigated with MCBJ.20 Counter ions are omitted for the molecular 
plot (bottom). 
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Three dinuclear Ru(II) complexes (Figure 10) were investigated using the MCBJ technique.13 
Whereas the redox active metal centers are covalently connected by a C4 bridging ligand, the 
anchorgroups are not covalently attached to the Ru(II) cores, but instead bind to the chelating 
ancillary terpyridine ligands. For all three complexes, the attachment to the molecular 
electrode is established via an Au-S bond, thus shortening the charge transport pathway in the 
sequence 1 > 2 > 3.13 
 
 
 
Figure 10. Chemical Structures of three dinuclear Ru(II) complexes. The perchlorate 
counterions are not noted.13 
 
 
 
For all complexes, low HOMO–LUMO gaps (Eg ≈ 1.7 eV) were found. The histograms of 1, 
2 and 3 display considerably distinct peaks at 3.0 x 10-4 G0, 1.0 x 10-3 G0, and 1.4 x 10-3 G0.13 
The molecular conductance found for each of the molecules is about one order of magnitude 
higher compared to organic molecules of comparable length. The single-molecule 
conductance of 2 is about three times as large as that of 1, implying that the insertion of 
____________________________________________________________________________________________________
methylene (–CH2–) functions and the resulting break of the 
prohibits charge transport along the molecular backbones.
 
 While the charge transport pathway was fur
conductance was found to be moderate, suggesting a less length dependant conductance 
behavior compared with organic molecules.
 
A mononuclear Pt(II) with a covalently linked and sp/sp
(Figure 11) was investigated with the MCBJ technique, but found to act as an insulator, with a 
molecular resistance about three orders of magnitude larger than that observed for two organic 
compounds of the same length.
explained with the pure σ character of the Pt
acetylenic ligand.58 
 
 
Figure 11. A Pt(II) complex acting as a molecular insulator. The terminal thioate functional 
group cleaves off upon contact with the gold electrodes.
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π-conjugated system significantly 
 
ther shortened for 3, the increase in molecular 
13
 
2
 hybridized charge transport pathway 
58
 The origin of the insulating behavior of the Pt complex was 
-C(sp) bonds of the Pt(II) centre and the 
 
58
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1.2 DINUCLEAR POLYCARBYL COMPLEXES 
 
 
 
1.2.1 Bimetallic Complexes in Molecular Electronics 
The design and synthesis of the Creutz-Taube59 ion established that in bimetallic (binuclear) 
complexes containing two redox-active metal centers linked through a bridging ligand, charge 
transport between the centers can occur. This cooperative effect depends on the nature of the 
bridging ligand, which has to facilitate a favorable overlap with the metal's frontier orbitals to 
act as an intramolecular electron pathway.60,61 
 
In recent years, there has been a great interest in molecules in which the two metal centers 
show a pronounced electronic interaction across the bridging ligand, as they might be 
interesting for applications in molecular electronics, non-linear optics and catalysis. In 
addition, these systems can be used as models for electron-transfer (ET) processes in 
biological processes.60,62,63 
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1.2.2 Dinuclear Polycarbyl Complexes 
Transition metal polycarbyl complexes of the type (Cp*)(PP)MCnM(PP)(Cp*) (Cp* = η5-
C5Me5, P = monodentate phosphine ligand or PP = bidentate phosphine ligand, Cn organic 
bridging ligand) have received considerable attention to study intramolecular charge 
transport60,61,63 and due to their potential as molecular wires.60-67 
 
The covalently bonded and electronically delocalized bridge poses a structurally well-defined 
rigid-rod electron pathway, whereas the options to alter the incorporated metal centers,64,68 the 
bridging69,70 and ancillary ligands71 (Figure 12) in order to vary the MO alignment open the 
possibility to gain in-depth understanding of the electronic processes taking place at the 
molecular level. Electrochemical and spectroscopic experiments evidenced that, depending on 
the chosen metal centers and bridging ligand, the electronic delocalization extends over the 
entire length of the organometallic unit.72-74 The extent of the electronic delocalization also 
depends on the absolute metal-metal distance.60-75 
 
 
 
 
 
Figure 12. Schematic representation of a dinuclear metal complex. The metal centers M1 and 
M2 are connected by a bridging ligand.60 
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1.2.3 Electron Transfer and Mixed-Valence complexes 
If an electron is removed from such a symmetric system chemically or electronically, the 
equivalent metal centers can become non-equivalent due to the electron transport occurring 
via the organic bridging ligand, resulting in so-called mixed valence systems in which the 
metal centers at least formally carry a different charge. The magnetic, spectroscopic and redox 
properties of these mixed valence complexes depend on the strength of the electronic 
interactions between the metal centers.76-78 
 
The equilibrium displayed in Figure 13 depicts the formation of mixed-valence systems. Two 
redox-active metal centers M1 and M2, in the oxidation states n and n + 1 are linked by a 
bridging ligand L. Kc is the comproportionation constant representing the relative stability of 
the mixed valence species and large values of Kc are an essential prerequisite for the isolation 
of the mixed-valence compounds.79 While strongly delocalized systems are usually 
characterized by large Kc values, the Kc values cannot be used as a direct measurement of the 
delocalization of mixed-valence complexes. 79-81 
 
 
 
 
Figure 13. Formation of mixed-valence compounds M1n+1−L−M2n and M1n−L−M1n+1 with the 
comproportionation constant Kc. 
 
 
If the bridging ligand is symmetric and the metal centers become unequivalent solely through 
different oxidation states, electron transfer (ET) processes via the bridging ligand are possible 
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(Figure 14). The metal centre in the higher oxidation state can be denoted as an acceptor, the 
centre in the lower oxidation state as a donor, both having different solvent configurations. 
The ET processes can be described in terms of the motion of the system on an energy surface 
from the initial state toward the activated complex and then to the final state passing over an 
interconversion barrier. Depending on the interactions between the nuclear and electronic 
frequencies, this process can be adiabatic or nonadiabatic. A system is considered to be 
weakly coupled when a nonadiabatic electron-transfer occurs and strongly coupled when an 
adiabatic transfer happens.82,83 
 
 
 
 
Figure 14. Photoinduced (top) and electrochemical (bottom) of an organometallic molecular 
wire model.60 
 
 
The movement of an electron from the donor to the acceptor can be described in terms of a 
redox-reaction without the formation or breaking of bonds. For such structurally continual 
systems, Markus Theory (see Equation 3) takes the place of the transition state theory of 
Eyring. Where for the latter the reaction partners become strongly coupled in the course of the 
reaction to form a structurally defined activated complex, in the Marcus theory, donor and 
acceptor stay weakly coupled and retain their individuality. Still, the nuclear configuration, 
e.g. the metal-ligand and intraligand bond lengths and angles, and the surrounding media, e.g. 
changes in the solvent molecule orientation, have to adjust after the electron jump.  
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kET = kelνn exp[-(λ + ∆G°)2 / 4λkBT ]     (Eq. 3) 
 
 
Equation 3 gives the Markus equation, the expression of the kinetic rate constant for a generic 
electron-transfer process (kET), with kel the transmission coefficient, νn the frequency of 
passage (nuclear motion) through the transition state, kB is the Boltzmann constant, λ is the 
reorganization energy, ∆G° is the total Gibbs free energy change for the electron-transfer 
reaction, and T is the temperature. 
 
The Marcus theory was developed for so-called outer sphere electron transfer (OSET) 
reactions, where donor and acceptor are not connected via chemical bonds, but instead the 
electron moves through space. For so-called inner sphere electron transfer (ISET) reactions, 
i.e. systems in which donor and acceptor are connected by chemical bonds like in the case of 
dinuclear mixed-valence polycarbyl complexes, the Marcus theory was modified by Hush to 
be applied to stable mixed-valence systems.84-86 These species can be studied by spectroscopic 
analyses that, along with cyclic voltammetry (CV) studies, often allow the determination of 
the type (class) of mixed-valence complexes.  
 
The categorization of mixed-valence systems as proposed by Robin and Day80 groups the 
systems in different classes based on the strength of the electronic interactions between the 
two metal centers M1 and M2. The interaction varies from zero or weak (class I) to moderate 
(class II) and to very strong (class III).  
 
In class I, optical and electronic properties for the separate sites are present, and activated 
electron-transfer either does not occur at all or only at a very slow rate.  
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Complexes belonging to the class II display new optical and electronic properties in addition 
to those of the separate sites. Yet the interaction is weak, leading to valence trapped or charge 
localized systems.  
The electronic coupling is very strong in complexes belonging to class III, the odd electron is 
fully delocalized and the systems show unique electronic and optical properties due to the full 
delocalization of the charge.  
 
Mixed valence complexes often exhibit an intervalence charge transfer (IVCT) band 
characteristic in the near-infrared (NIR) spectral area, which corresponds to the optically 
induced intramolecular electron-transfer. This band is absent in the spectra of the reduced and 
oxidized states. 
 
The position, form and intensity of the IVCT band allow to determine the two most important 
electron-transfer parameters, the reorganization energy λ and the electronic matrix coupling 
Hab. The latter one arises from donor and acceptor coupling. Figure 15 displays the potential-
energy surfaces for the three primary Robin-Day classes. 
 
 
 
 
 
 
Figure 15. Potential-energy surfaces for the three primary Robin–Day classes: class I (left), 
class II (middle), and class III (right).89 
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It has to be noted, however, that more classes have been denoted. Mixed-valence complexes 
at the borderline II/III exhibit a very fast thermal electrontransfer due to small activation 
barriers.87 A class IV was proposed taking the vibronic progression into consideration.88 
Recently, Low and coworkers showed that in bimetallic complexes, the conformation of the 
metal centers and the ancillary and bridging ligand influence the electronic coupling and can 
result in valence-trapped conformations.89 Also the nature of the bridging ligand has to be 
taken into account, as so-called non-innocent ligands change the potential-energy surface.61,81 
 
Different techniques are used to probe the delocalization of suitable systems. Cyclic 
voltammetry (CV) allows the extraction of ∆E and Kc. Investigating complexes with J ≠ 0 
using magnetization measurements determines ferromagnetic or antiferromagnetic coupling 
between spins.  
 
X-Ray spectroscopy details structural information, such as geometry and bond lengths. 
UV/Vis-NIR allows to determine shape, energy, intensity and half-height bandwidth of the 
IVCT band, EPR to identify the location of the unpaired electron based on hyperfine splitting 
and g anisotrophy. For iron containing complexes, Mössbauer-spectroscopy can be performed 
to help placing a time-scale on the electron transfer. 
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1.2.4 Dinuclear Polycarbyl Complexes as Molecular Wires 
Transition metal complexes exhibiting a charge delocalization over the length of the 
molecular backbone, i.e. belonging to class III, are highly interesting candidates for the 
realization of molecular wires.60-67 It was demonstrated that the chemical reversibility of the 
redox process is highest for C4 bridged complexes and decreases rapidly with increasing chain 
lengths or when other forms of sp/sp2 type bridges are employed.69 Consequently, the 
electronically versatile C4 fragment61,90 (Figure 16) is an ideal linker for the construction of 
relay-type conducting molecular entities.  
 
 
 
 
Figure 16. Canonical forms of a C4 unit in [M]C4[M] structures 
 
 
Lapinte and coworkers showed that butadiynediyl bridged diiron complexes have outstanding 
electrochemical properties,64,91,92 especially with regard to the high stabilization of the various 
oxidized forms and the high metal character of the delocalized HOMOs in all accessible 
oxidation states.93 
 
Investigations of this kind were mainly focused on molecules of the type 
(Cp*)(PP)M−Cn−M(PP)(Cp*) (Cp* = η5-C5Me5, P = mono-dentate phosphine ligand or PP = 
bidentate phosphine ligand, Cn = organic bridging ligand),11,17 which might be called 
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dinuclear stopper-type as they do not possess endgroups that allow their connection to 
electrodes or further extension of the conjugated system.  
 
Intrinsically open dinuclear systems of the type X−(PP)M−C4−M(PP)−X (X = halide) are 
known, but are quite rare.94-97 The construction of terminally open, metal containing 
analogues of higher nuclearities as genuine representatives of the relay approach is 
synthetically challenging and was up to date only reported for three C2C6H4C2 bridged 
trinuclear ruthenium52,54,55 and iron98 complexes, a mixed ditungsten diiron tetranuclear 
complex where a central ditungsten ethynylbis(carbyne) fragment was capped with terminal 
butadiynyl iron moieties94 as well as a series of C8 bridged platinum complexes.95  
 
Still, the prospect of employing organometallic polycarbyl complexes as molecular wires is 
intriguing, as the covalently bonded and electronically delocalized bridge poses a structurally 
well-defined rigid-rod electron pathway, whereas the options to alter the incorporated metal 
centers68,64, the bridging69,70 and ancillary ligands71 in order to vary the MO alignment open 
the possibility to gain in-depth understanding of the electronic processes taking place at the 
molecular level. Yet up to date, single-molecule transport measurements were only carried out 
on a limited number of the X(PP)MCnM(PP)X type of fragments (see above): a mononuclear 
ruthenium56 and a mononuclear platinum58 complex and selected di- and trinuclear ruthenium 
entities.13,52-54 Hence, the rich ligand chemistry and the high tunability of transition metals, 
which make the (PP)MCnM(PP) class very attractive for molecular electronic applications, is 
so far not sufficiently exploited and needs further chemical realization and physical transport 
experiments. 
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1.3 GOAL OF THE THESIS 
 
 
 
1.3.1 Iron-Alkyne Based Organometallic Molecules as Functional Building Blocks for 
Molecular Junctions 
 
 
 
Single molecules constitute the smallest discrete units to build electronic devices at the 
molecular level. Key requirements for suitable molecular units are structural rigidity, resonant 
conductivity along chosen pathways and the option to manipulate and thus modulate the 
charge transport. One route towards such molecular units is to embed redox active metal 
centers in conjugated organic moieties, thereby deploying the metal centers as relays for the 
transported charge. Such organometallic architecture is also attractive due to the possibility to 
vary structural motifs, electron density and work functions, thus obtaining fundamental 
knowledge on the relationship between molecular structure and electronic properties. 
 
This work aims at constructing such organometallic fully conjugated systems by incorporating 
Fe centers into alkyne based scaffolds and to investigate their physico-chemical and electronic 
properties. The stability of the redox pair Fe(II)/Fe(III), the natural abundancy and low 
toxicity of the iron(II) dihalide precursor make the utilization of this transition metal 
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desirable. The outstanding electrochemical properties found for butadiynediyl bridged diiron 
complexes recommend the implementation of Fe centers into the targeted complexes. 
 
Strongly electron donating diphosphines were chosen as ancillary ligands (PP = depe = 1,2-
bis(diethylphosphino)ethane) to the iron centers (Figure 17) to obtain complexes of high 
solubility in organic solvents, stable ligand environments and an absolute electronegativity in 
the range needed for appropriate interaction with the gold leads of a mechanically controllable 
break junction (MCBJ) technique. 
 
 
 
Figure 17. Chemical structure of the mononuclear subunit trans-Fe(depe)2R2. 
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1.3.2 Synthesis, Characterization and Properties of a Tetranuclear Homometallic 
Pentakis(butadiynediyl) Based Framework (see Chapter 2) 
The first part of the thesis targets the stepwise incorporation of four Fe(II) centers into a 
pentakis(butadiynediyl) based framework to obtain a linear homometallic tetranuclear species 
(Figure 18). 
 
 
 
 
Figure 18. Chemical structure of a tetranuclear, homometallic pentakis(butadiynediyl) based 
framework. 
 
 
As the chosen iron fragments possess potentially open terminal binding sites, smaller 
dinuclear units can be used as building blocks and elaborated into larger rigid-rod entities 
containing up to four metal atoms and five C4 ligands. Establishing synthetic routes to 
terminally open mono, di- and tetranuclear complexes is a fundamental prerequisite to further 
investigate the properties and structure-function relationship of organometallic molecular 
wires. The target complexes as well as the dinuclear precursors obtained for the iterative 
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synthesis will be investigated using in-situ spectroelectrochemistry to probe the electronic 
coupling over the length of the conjugated chain.  
 
 
 
 
 
1.3.3 Diiron C4 Bridged Complexes with Different Electrode-Binding Terminal 
Substituents (see Chapters 3 and 4) 
The second part of the thesis aims to introduce electrode-binding ligands to the terminal 
substitution sites of a dinuclear butadiyne bridged unit (Figure 19) and probe selected 
complexes for their molecular charge transport properties using the mechanically controllable 
break junction (MCBJ) technique. The knowledge gained in the first part of the thesis is a 
prerequisite to access and terminally modify the dinuclear fragments. The inherent length of 
the FeC4Fe core compared to mononuclear complexes is expected to significantly reduce the 
contribution of direct electrode-electrode tunneling, thus improving the accuracy of the 
measurements. Butadiyne was chosen as a bridging ligand for the structural rigidity and 
electronic versatility. The rich ligand chemistry of transition metals allows the introduction of 
a wide range of possible electrode-binding anchorgroups. The obtained series of complexes 
will be investigated using spectroscopic and electrochemical methods. To gain insight into the 
influence of the terminal groups on the energetic regime of the molecular orbitals, the 
molecular geometries of selected complexes together with the corresponding HOMO/LUMO 
energy levels and chemical hardness will be investigated at the density functional theory 
(DFT) level. 
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. 
Figure 19. Chemical structure of a diiron C4 bridged complex with electrode-binding terminal 
substituents R. 
 
The dinuclear FeC4Fe core is electronically functional due to the two redox-active metal 
centers and an sp bridging ligand enabling charge transport across the entire length of the 
molecular backbone due to strong electronic delocalization. selected complexes will be 
probed using mechanically controllable break junction (MCBJ) technique to investigate the 
transport properties of the FeC4Fe core and to probe the influence of the different molecule - 
electrode coupling on the charge transport and junction stability.  
 
To further investigate the influence on comparably stronger or weaker molecule - electrode 
coupling on the charge transport and junction stability, deep temperature MCBJ experiments 
as well as DFT calculations of the energetic regimes of the electrode-molecule-electrode 
systems under applied bias are planned.  
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1.3.4 Carbyl/Methyne-Based Bridges in Di- and Trinuclear Redox-Active Iron 
Complexes (see Chapter 5) 
In the third part of the thesis, redox-active Fe(depe)2 cores will be connected with different 
sets of unsaturated organic bridging ligands to probe the effect of a gradual decoupling of the 
metal centers on the molecular orbital energies and the resulting chemical hardness (Figure 
20).  
 
 
 
 
Figure 20. Chemical structure of diiron complexes bridged with different sp/sp2 ligands and 
carrying different terminal ligands R2. 
 
 
The introduction of electrode-binding terminal ligands to further lay down synthetic routes to 
access organometallic molecular wires will be investigated. All complexes are intrinsically 
 1. Introduction    .  
____________________________________________________________________________________________________ 
 
 
 
 
49 
functional due to the redox-active metal centers embedded in a structurally rigid and covalent 
sp/sp2 framework. Again, DFT calculations will be used to explore the influence of the 
bridging ligands on the energetic regime of the molecular orbitals and the chemical hardness 
of the compounds. 
 
 
 
 
 
 
 
1.4 IMPACT OF THE PRESENTED WORK 
 
The incooperation of Fe centres into a charge delocalized molecular backbone could pave the 
way to materials with unique electronic properties. The proposed molecules constitute 
consangious series of organometallic molecular wires and wire models, and the scope of 
structural modification and planned theoretical and experimental investigations is 
unprecedented. The elucidation of the individual transfer sites in such systems, the 
interpretation of vibrational patterns and of the nature of the electronic transitions will 
contribute significantly to the understanding of the interdependencies of structure and electric 
and electronic properties on the molecular level. 
All targeted molecules are intrinsically functional due to the incorporation of redox-active 
transition metal centers directly into the sp hybridized pathway of electrons. Furthermore, the 
stepwise synthetic build-up allows for a variety of structural motifs, involving the metal 
centers, the bridging ligand and the equatorial ligand sphere, to be modulated to probe the 
charge transport and understand the relationship betwenic properties on a molecular level. The 
terminal substituents are conjugated moieties and covalently bind to the Fe centers to establish 
a conjugated bridge between the Fe centers. The complexes are excellent starting materials for 
even longer scaffolds with even or odd numbers of metal centers along a fully conjugated 
rigid-rod like metal-organic framework.  
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The presented work contributes to the field of molecular electronics by providing modifiable 
organometallic molecular wires, and to the general field of organometallic chemistry by 
exploring new synthetic strategies to obtain electronically functional poly-iron complexes. 
The gained understanding of synthetic routes and of structure-property dependencies can 
contribute to the design of novel functional organometallic entities for molecular electronics, 
spintronics and catalysis. 
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ABSTRACT: Starting from the mononuclear precursor trans-Fe(depe)2I2 (depe = 1,2-
bis(diethylphosphino)ethane), 4 dinuclear complexes IFe(depe)2−Cn−Fe(depe)2I with Cn = 1,4-
(−C≡C−C6H4−C≡C−) 1, 1,3-(−C≡C−C6H4−C≡C−) 2, 4,4'-(−C≡C−C6H4−C6H4−C≡C−) 3, 2,5-
(−C≡C−thiophene−C≡C−) 4 as well as a trinuclear complex {I−Fe(depe)2(C≡C−)}3(1,3,5-C6H3)} 5 were 
prepared in a facile way by transmetalation from stannylated precursors. Substitution of the terminal 
iodides applying an excess of NaSCN yielded the corresponding isothiocyanate complexes 6 - 10 in very good 
yields. All complexes 1 - 10 are intrinsically functional due to the redox-active metal centres embedded in a 
structurally rigid and covalent sp/sp2 framework. 1 - 10 were characterized by NMR, IR and Raman 
spectroscopy, as well as elemental analyses. X-ray diffraction studies carried out for 1, 2, 4, 5, 6, 8 and 9 
showed that the C2 units of the bridging ligand are best described as acetylenic and that the endgroup-
arene-endgroup angle is determined by the geometry of the arene bridging ligand. Cyclic voltammetry was 
employed to explore the redox behavior of 1 - 10. The 1,4-(−C≡C−C6H4−C≡C−) and the 2,5-
(−C≡C−thiophene−C≡C−) bridged compounds 1, 4, 6 and 9 exhibit two fully reversible oxidation waves, 
while the 1,3-(−C≡C−C6H4−C≡C−) and 4,4'-(−C≡C−C6H4−C6H4−C≡C−) bridged dinuclear complexes and the 
trinuclear complexes only show one reversible oxidation wave corresponding to 2 e- and 3 e- processes, 
respectively. Calculations were carried out for truncated model complexes to determine the HOMO/LUMO 
energies. The DFT results confirmed that by changing the sp/sp2 bridging ligand, tuning the energies of the 
molecular orbitals, and modify the HOMO-LUMO gap ΔE(H-L) and the chemical hardness is possible. 
 
 
 
Introduction 
The field of molecular electronics seeks to design and 
fabricate electronic circuits and ultimately devices on the 
molecular level.1,2 At the present stage of development a 
search has been started for suitable molecules. The 
requested physical properties are  
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naturally determined by the structures of such molecules 
and this is the point where chemistry plays a crucial role 
constructing the basic elements of the circuitry. Three 
structural and physically related properties of the 
molecules are essential:2,3 (1) a so-called “molecular wire” 
combining a rigid-rod structural layout with favorable 
orbital overlap along an electronic charge pathway to 
allow transport of electric charge over distances in the 
range of a few nanometres, (2) an intrinsically functional 
moiety capable of enabling operations, such as high 
conductivity, rectification, conductance switching, 
charge storing or quantum interference and (3) suitable 
endgroups of the “molecular wires” to establish firm 
anchoring and electronic contact of the molecules to the 
electrodes.  
Introducing redox-active metal centers into the rigid-rod 
molecular architectures, the so-called "relay approach", 
was shown to enhance the overall conductivity (point 
(1)) by providing defined donor−acceptor sites, thus 
promoting electron hopping.4,5 In case the molecular 
architectures are dominated by carbon frameworks the 
introduction of metal centers into certain molecular 
topologies is a domain of organometallic chemistry. 
According to point (1) and (3) strong organometallic 
bonds are required to ensure stable and rigid molecular 
structures. Also the energetic position of the electron 
carrying molecular orbitals (absolute electronegativity 
according to Pearson6) is expected to cope energetically 
with the Fermi level of the macroscopic electronic leads, 
which are separated by several eV when purely organic 
molecules are employed, but can be adjusted and tuned 
in a facile way in organometallic compounds due to the 
strong electronic dependence exerted by the kind of the 
metal center.7 8 9–11 12 By the same token organometallic 
molecules can be tuned for a certain size in the 
HOMO/LUMO gap (absolute hardness according to 
Pearson6), which again provides adjustment of the 
orbital interactions of the molecules with the electronic 
leads helping to accomplish an electronic charge 
pathway and certain intrinsic functions of the molecules 
(points (1) and (2)). 
These basic facts, together with the rich structural 
chemistry of ligands and the high tunability of transition 
metals in an ancillary ligand environment, makes 
organometallic molecules highly promising candidates 
for applications in molecular electronics. Nonetheless, 
investigations into organometallic entities are restrained 
by the lack of suitable consanguineous series of 
molecules including their endgroups, which allow to 
probe the interdependencies of structure and electronic 
properties at the molecular level. 
The class of (PP)MCnM(PP) (M = redox-active metal 
centre, P = monodentate phosphine ligand or PP = 
bidentate phosphine ligand, Cn = bridging organic pi 
ligand) type compounds are interesting model 
complexes to study intramolecular charge transport 
properties.13,14,15 The covalently bonded and electronically 
delocalized bridging pi ligand acts as a structurally well-
defined rigid-rod intramolecular electron pathway, and 
by successively varying the metal centre(s),16,17  
the bridging18 and non-bridging ligands,19 it is possible to 
probe the relationship between molecular structure and 
spectroscopic and electrochemical properties. It was 
shown that the electronic delocalization extends over 
the length of the organometallic unit in most 
cases.20,21,22,23 The reversibility of the intramolecular 
redox processes was found to be highest for the 
unsaturated, rigid-rod type and electronically versatile 
C4 ligand,
24,18,25 yet the utilization of other types of pi 
systems was shown to allow the tuning of the 
intramolecular charge transport pathway to decouple the 
redox-active metal centres and thus gradually localize 
the electronic charge.26,27,28 
While such structural modifications and the 
accompanying changes in the electronic layout are 
promising towards the goal of creating functional 
molecular moieties, the compounds of the 
(PP)MCnM(PP) class are mostly limited to so-called 
"stopper-type" molecules (Cp*)(PP)MCnM(PP)(Cp*) 
(Cp*= η5-C5Me5) which cannot be functionalized at the 
termini to enable the binding to molecular electronic 
leads. Terminally open molecules of the type 
X(PP)MCnM(PP)X (X = anchoring group) are rare as 
their realization poses a significant synthetic challenge. 
Up to date, single-molecule transport measurements 
were only carried out on a limited number of the 
X(PP)MCnM(PP)X type of fragments, such a 
mononuclear ruthenium29 and platinum30 complex, as 
well as selected di- and trinuclear ruthenium 
entities.31,32,33,34 In this paper strongly electron donating 
diphosphines were chosen as ancillary ligands (PP = 
depe = 1,2-bis(diethylphosphino)ethane) to the iron 
centers, because we expected complexes of high 
solubility in organic solvents, stable ligand environments 
and an absolute electronegativity in the range needed for 
appropriate interaction with the gold leads. 
We recently reported that through a series of 
transmetalation and substitution reactions, terminally 
open multinuclear compounds with the structural core 
{Fe}C4{Fe} ({Fe} = Fe(depe)2) can be accessed and allow 
to stepwise build a homometallic tetranuclear 
Me3SiC4{Fe}C4{Fe}C4{Fe}C4{Fe}C4SiMe3 unit exhibiting 
extensive charge-delocalization and vibrational coupling 
over the entire unsaturated organometallic backbone.20 
End-capping a dinuclear functional {Fe}C4{Fe} core with 
terminal isothiocyanate ligands allowed to investigate 
the electronic properties using the mechanically 
controllable break junction (MCBJ) technique.35,36 It was 
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found that the utilization of terminal isothiocyanate 
ligands allows a weak but stable molecule-electrode 
contact and furthermore leads to the observation of 
stable and reversible switching events at low 
temperature. This finding is unprecedented in 
organometallic molecular electronics, and opens new 
possibilities to design and rationalize functional 
molecular circuits.  
Au electrodes are comparably soft according to the 
HSAB concept developed by Pearson,37 with a Fermi 
level EF ≈ - (4.8-5.4) eV. To achieve a resonant transport, 
the molecular orbitals of the probed molecule have to be 
aligned in way to allow an easy overlap with the orbitals 
of the macroscopic Au strands. Consequently, molecules 
should be soft and polarizable to be adjusted to AuF.
 The 
absolute chemical hardness can be correlated to the 
HOMO-LUMO gap ΔE(H-L) and allows to predict the 
strength of donor - acceptor interactions.6 Molecules 
with small HOMO/LUMO gaps are denoted as soft, 
those with large HOMO/LUMO gaps as hard, while 
(I+A)/2 (I = ionization potential, A = electron affinity) at 
high negative energy means high electronegativity and 
vice versa.  
We envisaged that the variation of the bridging ligand Cn 
of a SCN{Fe}Cn{Fe}NCS entity can allow to tune the 
energies of the molecular orbitals and thus modify the 
chemical hardness and the resulting molecule-electrode 
contact. Consequently we targeted to bridge redox-active 
{Fe} cores with different sets of unsaturated organic 
linkers to probe the effect of a gradual decoupling of the 
metal centres on the molecular orbital energies and the 
resulting chemical hardness. 
In this study, we present the synthetic routes to access 
dinuclear fragments of the type I{Fe}CnFe{Fe}I (Cn = 1,4-
(−C≡C−C6H4−C≡C−), 1,3-(−C≡C−C6H4−C≡C−), 4,4'-
(−C≡C−C6H4−C6H4−C≡C−), 2,5-
(−C≡C−thiophene−C≡C−)) as well as a trinuclear 
complex {I−{Fe}(C≡C−)}3(1,3,5-C6H3). The reactive 
terminal iodo ligands can then be substituted with NCS 
groups to yield the corresponding isothiocyanate 
complexes. All compounds were characterized by NMR, 
IR and Raman spectroscopy as well as elemental 
analyses. X-ray diffraction studies were carried out on 
seven complexes and confirmed rigid structures, while 
cyclic voltammetry was employed to explore the redox 
behavior. All complexes are intrinsically functional due 
to the redox-active metal centres embedded in a 
structurally rigid and covalent sp/sp2 framework.  
The molecular geometries of the model complexes 6-Me, 
7-Me, 8-Me, 9-Me and the C4 bridged complex C-Me, for 
which the ethyl groups of the depe ligands were replaced 
by methyl groups were optimized at the 
PBE1PBE/LANL2DZ level. The corresponding Fe-Fe' and 
S-S' distances were determined and the HOMO/LUMO 
energies calculated to gain insight into the influence of 
the bridging arene on the molecular orbitals. The 
obtained results confirm that choosing different bridging 
ligands allows to tune the energies of the molecular 
orbitals.  
 
Experimental Section 
Syntheses and Spectroscopic Characterizations. All 
experiments and measurements were carried out under a 
dinitrogen atmosphere using Schlenk techniques or in a glove 
box (M. Braun 150B-G-II). All compounds were worked up to an 
analytically pure state without the use of column 
chromatography. The experimental part containing the 
description of the syntheses, one- and two-dimensional NMR 
experiments (Figures S1 - S55), IR and Raman (Figures S56 - S65, 
Table S1), cyclic voltammetry experiments at different chart 
speeds (Figures S67 - S73) as well as the results of the elemental 
analyses can be found in the Supporting Information. 
X-ray structure analyses. The molecular structures of 
complexes 1, 2 and 4 are depicted in Figure 1, the molecular 
structures of compounds 6, 8 and 9 are shown in Figure 2, and 
complex 5 is illustrated in Figure S66. Selected bond lengths, 
bond angles and intramolecular distances are summarized in 
Table S4. The crystallographic data for all compounds are 
presented in Tables S2 and S3. Single-crystal X-ray diffraction 
data were collected at low temperatures (at 120(2) K for 
compound 5, at 153(2) K for compounds 1 and 4, and at 183(1) K 
for compounds 2, 6, 8 and 9) on a Xcalibur diffractometer (Ruby 
CCD detector) for compounds 1, 2, 4, and 6 and on a SuperNova 
area-detector diffractometer for compounds 5, 8 and 9, using a 
single wavelength Enhance X-ray source with MoKα radiation (λ 
= 0.71073 Å)38 for all compounds, except for compound 5 for 
which the CuKα radiation (λ = 1.54184 Å) was used. The selected 
suitable single crystals were mounted using polybutene oil on 
the top of a glass fiber fixed on a goniometer head and 
immediately transferred to the diffractometer. Pre-experiment, 
data collection, data reduction and absorption corrections39 
were performed with the program suite CrysAlisPro.38 Using 
WinGX40 or Olex (for compound 5),41 the crystal structures were 
solved with SHELXS9742 using direct methods and the structure 
refinements were performed by full-matrix least-squares on F2 
with SHELXL9742 (SHELXL201342 for compound 5). PLATON43 
was used to check the results of the X-ray analyses.  
For more details about the refinements, see the 
refine_special_details and iucr_refine_instructions_details 
sections in the Crystallographic Information files (Supporting 
Information). CCDC-1002481 (for 1), CCDC-1002482 (for 2), 
CCDC-1002483 (for 4), CCDC-1002484 (for 5), CCDC-1002485 
(for 6), CCDC-1002486 (for 8) and CCDC-1002487 (for 9), 
contain the supplementary crystallographic data for this paper. 
These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
 
Computational details. DFT calculations were performed with 
the Gaussian03 program package44 using the hybrid functional 
PBE1PBE 45 in conjunction with the LanL2DZ basis set46,47,48 for 
the geometry optimizations and with the 6-311+G(d) basis set 
49,50,51 on all atoms for the determination of the energy levels. 
Geometries were optimized with a Ci (inversion center) or a C2 
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(two-fold axis) symmetry, and the ethyl groups of the depe 
ligands were replaced by methyl groups. 
 
 
Experimental Results 
Synthesis and spectroscopic properties of the 
different dinuclear complexes.  
Dinuclear iron complexes of the type 
(Cp*)(PP)Fe−Cn−Fe(PP)(Cp*) (with PP = bidentate 
phosphine ligand, Cp* = cyclopentadienyl, Cn = sp or sp
2 
bridging ligand) can be accessed by reacting the 
mononuclear fragment (Cp*)(PP)FeCl with silylated 
alkynes in the presence of MeOH and a fluoride source. 
Depending on the chosen co-reactants and the type of 
alkyne used, this pathway either yields directly the 
targeted dinuclear complex or the corresponding 
mononuclear vinylidene complex, which then can be 
subjected to oxidative homocoupling. Employing this 
route, dinuclear iron complexes bridged by C4
52 and C8
53 
spacers, 9,10-bis(ethynyl)anthracene,54 2,5-
bis(ethynyl)thiophene,55 1,4-56 and 1,3-
bis(ethynyl)benzene57,58 as well as a trinuclear complex 
bridged by an 1,3,5-tris(ethynyl)benzene57,58 ligand were 
obtained. This route turned out to be useful to access so-
called "stopper-type" molecules, which cannot be further 
functionalized. Applying the related reaction conditions 
to obtain terminally open complexes of the type 
{X−Fe(PP)2(C≡C−)}m(Cn)} (PP = bidentate phosphine 
ligand, X = halide) this synthetic method was found to 
be less reliable. A dinuclear complex of the type 
Cl(depe)2Fe−1,4-(−C≡C−C6H4−C≡C)−Fe(PP)2X
59 and a 
trinuclear terminally open complex 
{Cl−Fe(dmpe)2(C≡C−)}3(1,3,5-C6H3)}
60 (dmpe = (1,2-
bis(dimethylphosphino)ethane)) could be prepared 
earlier, yet the authors report low yields due to side 
product formation, as well as unsuccessful attempts to 
adopt this method for other sp2-carbon bridged ligand 
systems. Likewise, the efforts to prepare 
Cl(depe)2Fe−C4−Fe(depe)2Cl using in-situ deprotection 
of Me3Si−C4−SiMe3 and subsequent coupling to two 
mononuclear trans-Fe(depe)2Cl2 units was also not 
successful, instead leading to the formation of an 
interesting non-rod type trinuclear compound of low 
symmetry.61 These findings are in all likelihood owed to 
the structural versatility of the bidentate phosphine 
ligands, which are reported to reversibly dissociate in 
various cases, thus allowing structural reorganization of 
the iron coordination sphere.62,63,64 
The tendency of the bidentate phosphine ligands to 
dissociate increases with their sterical demand causing 
the structural stability of the Fe(PP)2 fragment to 
decrease in the order Fe(dmpe)2 > Fe(depe)2 > 
Fe(dprpe)2 (dprpe = 1,2-bis(diisopropylphosphino)-
ethane), while the solubility follows the reverse trend 
and is highest for the sterically bulky Fe(dprpe)2 
fragment.65  
Based on earlier experiments, we aimed to use 
transmetalation reactions to obtain dinuclear complexes 
of the X(PP)2Fe−Cn−Fe(PP)2X type. 
20 To maintain a 
reasonable solubility of the targeted complexes, the depe 
ligand was chosen as the ‘equatorial’ ligands of the 
tetragonally distorted iron octahedra. Axial iodo 
substituents were selected as the anioninc groups of the 
starting materials. As compared to terminal chloro 
ligands, the iodides are more reactive with respect to 
replacement, since they are known to readily dissociate 
in mononuclear trans-Fe(PP)2X2 complexes.
66 In earlier 
studies we could show that it is possible to access the 
dinuclear I(depe)2Fe−C4−Fe(depe)2I complex in a facile 
way by transmetalation of Me3Sn−C4−SnMe3 replacing 
the tin groups with two mononuclear trans-Fe(depe)2I 
units applying stoichiometric amounts of the reagents in 
THF.20 The terminal iodo ligands are reactive and allow 
subsequent substitution with a number of different 
functional groups, while maintaining the intrinsic redox 
functionality of the highly delocalised 
(depe)2Fe−C4−Fe(depe)2 core.
20,36 Based on these results, 
we targeted to access dinuclear entities of the type 
I(depe)2Fe−Cn−Fe(depe)2I by transmetalation of trans-
Fe(depe)2I2 with different stannylated sp/sp
2 bridging 
ligands. The organic reagents 1,4-
bis((trimethylstannylethynyl)-benzene, 1,3-
bis((trimethylstannyl)ethynyl)benzene, 4,4'-
bis((trimethylstannyl)ethynyl)biphenyl, 2,5-
bis((trimethyl-stannyl)ethynyl)thiophene and 1,3,5-
tris((trimethylstannyl)-ethynyl)benzene were obtained 
by lithiating the corresponding deprotected alkyne at 
low temperatures and subsequent reaction with 
stoichiometric amounts of Me3SnCl.  
All stannylated reagents were purified by two 
subsequent crystallizations from cold pentane. 
Transmetalation of the bis-stannylated reagents with 
two equivalents of trans-Fe(depe)2I2 yielded the 
dinuclear di-iodo complexes 1 - 4 in good to very good 
yields (see Scheme 1) 
To obtain the trinuclear compound 
[{FeI(depe)2(C≡C−)}3(1,3,5-C6H3)] the corresponding 
reaction with 1,3,5-
tris((trimethylstannyl)ethynyl)benzene and 3 eq. of 
trans-Fe(depe)2I2 was carried out. Except for the 2,5-
diethynyl-thiophene bridged 4, which is well soluble in 
most organic solvents, the compounds show poor 
solubility. Reacting these di- and triiodo compounds 
with an excess of NaSCN in refluxing acetonitrile gave 
the corresponding isothiocyanate complexes 6 - 10 in 
very good to excellent yields (see Scheme 1). All 
complexes 1 - 10 were worked up to an analytically pure 
state without the use of column chromatography (see 
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Supporting Information). Like in the case of the 
(depe)2Fe−C4−Fe(depe)2 fragment, the di-isothiocyanate 
substituted complexes show a higher solubility in 
organic solvents in comparison to the corresponding 
diiodo forms.36,20 For highly symmetric structures with 
pseudo-octahedral geometries around the chemically 
and magnetically equivalent Fe(II) centres, a singlet is 
expected in the 31P{1H}NMR, which was indeed found for 
all complexes 1 - 10. In contrast, a previously described 
"stopper-type" trinuclear iron complex [{Fe(Cp*)(η2-
dppe)(C≡C}3(1,3,5-C6H3)] (dppe = 
bis(diphenylphosphino)ethane) showed a broad and 
temperature dependent signal in the 31P{1H}NMR. This 
behaviour was ascribed to the bulky ligands of the Fe 
cores, which result in different orientations of the 
organoiron building blocks with respect to the plane of 
the bridging ligand, thus rendering the molecule 
magnetically nonequivalent.57,60 The signal of the di-iodo 
complexes in the 31P{1H}NMR appears between 64.8 ppm 
for 3 and 67.9 ppm for 4, which is slightly shifted upfield 
in comparison to the C4 bridged analogue described 
previously (singlet at 68.3 ppm).20 The di-isothiocyanate 
substituted compounds 6 - 10 give rise to a 31P{1H}NMR 
signal between 73.8 ppm for 6 and 74.6 ppm for 10, 
which is in the same range as the corresponding 
SCN(depe)2Fe−C4−Fe(depe)2NCS, showing a singlet at 
74.1 ppm.36 When monitoring the substitution reactions 
in acetonitrile to give the compounds 6 - 10 using in-situ 
31P{1H} NMR measurements, the emergence of a signal 
was observed in the range of 70 - 72 ppm. Over the 
course of the reaction, this signal disappeared again, 
while the one of the targeted product grows in. This 
observation was interpreted in terms of a synthetic 
pathway to SCN(depe)2Fe−C4−Fe(depe)2NCS via the 
intermediacy of a bis(acetonitrile) substituted dicationic 
complex [MeC≡C−(depe)2Fe−C4−Fe(depe)2−N≡CMe]
2+ as 
reaction intermediate. This dicationic complex gives 
indeed rise to a 31P{1H} NMR signal at 70.9 ppm and 
could subsequently be isolated in form of the di-iodide 
salt.36 In the 13C{1H} NMR a quintet was expected for the 
Cα nuclei of the bridging ligands due to coupling with 
the four equatorial P. This quintet is found in the 13C{1H} 
NMR spectra of all compounds except the trinuclear tri-
iodo complex and the 4,4'-diethynyl-biphenyl bridged 
di-iodo complex 3, probably due to the low solubility of 
said complexes in most organic solvents.57,20The signals 
of the Cα nuclei appear  
 
Scheme 1. Reaction pathways to obtain dinuclear compounds of the type I-(depe)2Fe-Cn-Fe(depe)2-I (a - d) as well as a 
trinuclear {I−Fe(depe)2(C≡C−)}3(1,3,5-C6H3) 5 (e) and subsequent substitution of the terminal iodo functions with 
isothiocyanate (f - j). 
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(a) 0.5 eq 1,4-bis((trimethylstannyl)ethynyl)benzene, THF, 12 h, reflux; (b) 0.5 eq 1,3-bis((trimethylstannyl)ethynyl)benzene, THF, 12 h, 
reflux; (c) 0.5 eq 4,4'-bis((trimethylstannyl)ethynyl)biphenyl, THF, 12 h, reflux; (d) 0.5 eq. 2,5-bis((trimethylstannyl)ethynyl)thiophene, 
toluene, 80 °C, 12 h; (e) 0.5 eq 1,3,5-tris((trimethylstannyl)ethynyl)benzene, THF, 12 h, reflux; (f) 20 eq. NaSCN, Me3CN, reflux, 12 h; (g) 
20 eq. NaSCN, Me3CN, reflux, 5 h; (h) 20 eq. NaSCN, Me3CN, reflux, 12 h; (i) 20 eq. NaSCN, Me3CN, reflux, 12 h; (j) 20 eq. NaSCN, 
Me3CN, reflux, 5 h. 
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Table 1. IR and Raman ν(C4) bands of the bridging butadiyne unit of compounds 1 - 10. 
No. 1 2 3 4 5 6 7 8 9 10 
νas(C≡C) 
[cm-1] 
2028 
(vs) 
2036 
(vs) 
2023 
(vs) 
2034 
(s) 
2046 
(vs) 
2044 
(s) 
2041 (vs) 2034 (vs) 2031 (s) 2043 (vs) 
νs(C≡C)  
[cm-1] 
2030 
(m) 
2040 
(s) 
2040 
(w) 
2032 
(m) 
2049 (s) 
2043 
(m) 
2040 (vs) 2045 (w) 2036 (m) 2053 (vs) 
ν(C≡N) 
[cm-1] 
--- --- --- --- --- 
2092 
(νas, s) 
2092 (νas, s); 
2097 (νs, m) 
2094 (νas, s) 
2094 (νas, 
s); 
2097 (νs, 
w) 
2096 (νas, 
vs); 
2101 (νs, m) 
 
 
 
 
between 122.7 ppm for 1 and 137.6 ppm for 4 marking 
an explicit downfield shift compared to the different 
previously described (depe)2Fe−C4−Fe(depe)2 species, 
which Cα signals were found between 85 and 99 
ppm.20,36 This shift is related to different 
hybridizations of the bridging ligands and indicates a 
double bond character at the Cα atoms. All 
complexes 1 - 10 are highly symmetric. The 1,4-
diethynyl-benzene bridged compound 1 and 6, as 
well as the 4,4'-diethynyl-biphenyl bridged 3 and 8 
are centrosymmetric with an inversion centre 
located at the centre of the bridging ligand. In an 
idealized arrangement, 2 and 7, bridged by 1,3-
diethynyl-benzene, as well as the 2,5-diethynyl-
thiophene connected compounds 4 and 8, which 
have a C2v structure and the trinuclear complexes5 
and 10 a structure of D3h symmetry. 
For 1 - 10 the νas(C≡C) bands of the bridging ligands 
are a prominent feature in the IR spectra. The 
asymmetrical stretching band lies between a 
wavenumber of 2023 cm-1 for the 4,4'-diethynyl-
biphenyl bridged 3 and of 2046 cm-1 for the trinuclear 
complex 5 (see Table 1).  
Notably, the substitution of the terminal halides by 
the pseudohalide isothiocyanate does not have a 
pronounced effect of the position of the νas(C≡C) 
band. The isothiocyanate. ligand of complexes 6 - 10 
gives rise to a sharp and intense band between 2092 
cm-1 (for complexes 6 and 7) and at 2096 cm-1 for the 
trinuclear complex 10In addition, for the non-
centrosymmetric compounds 7, 9 and 10, the νs(C≡N) 
are located in the Raman spectra at 2097 cm-1 for 7 
and 9 and at 2101 cm-1 for the trinuclear complex 10. 
 
X-Ray Structure Analyses 
Single crystals were grown of compounds 1, 2, 4, 5, 6, 
8 and 9 and allowed a structural characterization 
using X-ray diffraction studies. Figure 1 depicts the 
molecular structures of the diiodo substituted 
dinuclear complexes 1, 2 and 4, whereas the 
molecular structures of the diisothiocyanate 
complexes 6, 8 and 9 are shown in Figure 2.  
The low quality crystal structure of 
{IFe(depe)2(C≡C−)}3(1,3,5-C6H3) 5 is reported in the 
Supporting Information only (Figure S66) and the 
corresponding geometric parameters could not be 
used for further structural discussions. Selected bond 
lengths, distances and angles are summarized in 
Table S4.  
 
 
 
 
Figure 1. Molecular structures of 1 (top), 2 (middle) 
and 4 (down). Ellipsoids are set at 30% probability 
level. Solvent molecules and hydrogen atoms are 
omitted for clarity. See Table S4 for selected bond 
lengths, distances and angles. 
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Figure 2. Molecular structures of 6 (top), 8 (middle) 
and 9 (down). Ellipsoids are set at 30% probability 
level. Solvent molecules and hydrogen atoms are 
omitted for clarity. See Table S4 for selected bond 
lengths, distances and angles. 
 
For all molecules, the ligand geometry around the 
iron cores is pseudo-octahedral, with the four P 
atoms of the depe ligands occupying equatorial 
positions, whereas the respective terminal iodo or 
isothiocyanate groups are lying on an axial position 
trans to the bridging ligand. The introduction of the 
arene ligand causes a contraction of the coordinative 
Fe-P bonds from an average value of 2.309 Å in the 
mononuclear precursor66 to values between 2.251 Å 
for 9 and 2.262 Å for 6, consistent with a higher 
degree of σ-donation from the depe ligands to the 
metal centers. For all complexes discussed here, the 
bonds between the Fe and the Cα of the bridging 
ligand are lying between the values of 1.868(4)Å for 4 
and 1.899(4) Å for 6. The Cα-Cβ bonds are between 
1.210(6) Å for 4 and 1.222(9) Å for 9, whereas the Cβ-
Cβ' bonds have values between 1.408(6) Å for 4 and 
1.441(5) Å for 6. 
These data are consistent with an acetylenic 
structure for the Fe−C≡C−R moieties (R = arene 
core). For the 1,4-diethynyl-benzene, the 4,4'-
diethynyl-biphenyl and the 2,5-diethynyl-thiophene 
bridging ligands, cumulenic resonance structures can 
be drawn out. Yet, unlike in the case of the 
structurally related (depe)2Fe−C4−Fe(depe)2 
dinuclear compounds,20,36 the structural data of the 
arene bridged molecules discussed here do not 
indicate a notable influence of this canonical 
structure. The Fe-I bond lengths lie between 
2.6907(4) Å for 1 and 2.7146(9) Å for 4, thus 
remaining practically unchanged compared to trans-
Fe(depe)2I2 and the C4 bridged dinuclear diiodo 
complex.20,66  
 
 
Likewise, the bond lengths of the isothiocyanate 
endgroups of 6, 8 and 9 (see Table S4) are consistent 
with Fe−N=C=S isothiocyanato structures and 
compare well with the data of the previously 
described C4 bridged compound 
SCN(depe)2Fe−C4−Fe(depe)2NCS.
36 
Due to the lone pairs on the N nuclei of the 
isothiocyanate groups, a Fe-N-C angle < 180° was 
expected. Yet, this angle is close to 180° for all 
complexes ((C1-N1-Fe1) 173.5(3)° for 6 and 176.56(15)° 
for 8, see Table S4), and consequently the endgroup-
arene-endgroup angle is determined purely by the 
geometry of the arene bridge.  
The comparably short N-C bond (between 1.119(8) Å 
and 1.121(9) Å for 9, see Table S4) suggests a 
considerable influence of the M−N+≡C−S- canonical 
structure.67 The molecular backbone of all described 
compounds is composed of carbyl or methyne units, 
which leads to the expectation of rigid structures, 
where the endgroup-arene-endgroup angle is 
determined purely by the substitution pattern of the 
arene bridging ligand. The bond angles of the 
X−Fe−C≡C−C fragments only deviate slightly from 
180° (see Table S4), thereby confirming the expected 
structural rigidity. It can be reasoned that the 
observed minor deviations from linearity stem from 
secondary type intermolecular interactions and 
packaging effects within the crystal structures.68,69,70 
 
Cyclic Voltammetry.  
Cyclic voltammetry experiments were carried out to 
probe the electrochemical behaviour of the reported 
complexes in bulk in solution.  
Based on studies carried out on stopper-type 
complexes (Cp*)(PP)Fe−Cn−Fe(PP)(Cp*)
54,52,53,55,56,57,58 
it was hypothesized to find a significantly lower 
charge delocalization in compounds 1 - 10 compared 
to the previously reported molecules containing the 
(depe)2Fe−C4−Fe(depe)2 fragment.
20, 36 These 
expectations were confirmed by the cyclic 
voltammetry experiments. The 1,4-diethynyl-benzene 
bridged compounds 1 and 6 (Figure 3), as well as the 
2,5-diethynyl-thiophene bridged complexes 4 and 9 
(Figure 5) exhibit two fully reversible oxidation 
waves.  
The existence of two metal-based oxidations for 
symmetric molecules is a strong indicator for high 
charge delocalization over the length of the rigid-
rod molecule,71 and that the bridging ligand is 
actively supporting charge transport between the 
redox-active metal centres.72 The comparably low 
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Kc values (see Table 2) indicate that 
thermodynamic stability of the mixed valence 
species is higher for the previously described C4 
bridged compounds.20,36  
The electrochemical data of the related 
SCN(depe)2Fe−C4−Fe(depe)2NCS complex C
36 are 
given in Table 2 for comparison. The 1,3-diethynyl-
benzene and 4,4'-diethynyl-biphenyl bridged 
dinuclear complexes, as well as the trinuclear 
complexes, showed one reversible oxidation wave 
indicative of a localized charge.  
 
 
 
Figure 3. Cyclic voltammogram for 6 in 
THF/Bu4NPF6 (0.1M) at 300 K; Au working electrode, 
a Pt counter electrode, and an Ag reference 
electrode; chart speed: 50, 100, 200 mV/s; E vs. Fc0/+ 
(external). 
 
 
Consequently, the oxidation waves of the 1,3-
diethynyl-benzene and 4,4'-diethynyl-biphenyl 
bridged systems correspond to 2e- processes, and 
similary the one of the trinuclear complexes to  
3e- processes. The first oxidation wave of the 2,5-
diethynyl-thiophene bridged complexes 4 and 9 
appeared at a more negative potential compared to 
the C4 bridged complex C (see Table 2). This finding 
suggested that the 2,5-diethynyl-thiophene bridge is 
less-electron withdrawing and consequently 
indicated that the HOMO should bear larger 
character of the bridging ligand.54  
 
 
 
 
Figure 4. Cyclic voltammogram for 7 in 
THF/Bu4NPF6 (0.1M) at 300 K; Au working electrode, 
a Pt counter electrode, and an Ag reference 
electrode; chart speed: 50, 100, 200 mV/s; E vs. Fc0/+ 
(external). 
 
 
 
 
Table 2. Cyclic voltammetry data of the complexes 1 
- 10. 
 
Compd 
 
. 
E1/2 
(0/+1) 
[mV] 
E1/2 (+1/+2)
 
[mV]
 
ΔE 
 
[mV] 
Kc 
 
 
1 -385 -231 154 4.2 x 102 
2 -312 -- -- -- 
3 -393 -- -- -- 
4 -472 -192 280 6.0 x 104 
5 -221 -- -- -- 
6 -160 -18 142 2.7 x 102 
7 -174 -- -- --- 
8 -252 -- -- -- 
9 -406 -131 275 5.0 x 104 
10 -112 -- -- -- 
Ca
 
-372 106 478 14.5 x 107 
Measurements at 300 K in THF/Bu4NPF6 (0.1M) with 
an Au working electrode, a Pt counter electrode, and 
an Ag reference electrode. E vs Fc0/+ (external). a see 
reference36 
 
 
On a similar line, the occurrence of the single 
oxidation wave of the 1,3-diethynyl-benzene, 4,4'-
diethynyl-biphenyl and the 1,3,5-triethynyl-benzene 
bridged compounds at more positive potentials 
(between -112 mV for 10 and -393 mV for 3, ) implies a 
less accentuated bridging ligand character in the 
respective HOMO. It has to be noted that for all five 
different types of bridges discussed, the oxidation 
waves shift to a less negative potential when the 
terminal iodo ligands are substituted with the 
isothiocyanate functional groups indicating the more 
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electron withdrawing character of the 
pseudohalogenide. 
 
 
 
 
 
 
Figure 5. Cyclic voltammogram for 9 in 
THF/Bu4NPF6 (0.1M) at 300 K; Au working electrode, 
a Pt counter electrode, and an Ag reference 
electrode; chart speed: 50, 100, 200 mV/s; E vs. Fc0/+ 
(external). 
 
 
 
DFT Calculations 
The molecular geometries of the model complexes 6-
Me, 7-Me, 8-Me, 9-Me and the C4 bridged C-Me, for 
which the ethyl groups of the depe ligands were 
replaced by methyl groups, were optimized at the 
PBE1PBE/LANL2DZ level. 
The identified Fe...Fe' distances and S...S' distances of 
the isothiocyanato groups are reported in Table 3. 
The distances of the trinuclear compound 10-Me are 
congeneric to the meta substituted dinuclear 
complex 7-Me. In all cases, the computed non-
bonding distances of the endgroups are slightly 
elongated compared to the structural data derived 
from the X-ray studies, which was attributed to 
intermolecular interactions and packaging effects 
within the crystal structures.68,69,70 The deviation is 
highest for the C4 bridged congeneric pair C and C-
Me, where the computed S...S' distance of 17.34 Å is 
longer by about 2.5% compared to the distance of 
16.940(3) Å found in the X-ray experiment36 showing 
that the calculated and experimentally determined 
data compare very well.  
 
 
The data show that the lengths of the molecular 
junctions of the 1,4-(−C≡−C6H4−C≡C−) bridged 
complex 6 and the 2,5-(−C≡C−thiophene−C≡C−) 
bridged 9 are in a comparable range. Also the 1,3-
(−C≡C−C6H4−C≡C−) substituted 7, the trinuclear 
complex 10 and the previously investigated C4 
bridged complex C are of a similar lengthAs the 
direct distance-dependent through space tunneling is 
an intrinsic part of molecular conductivity 
measurements of a given molecular junction, the 
different junction lengths would have to be taken 
into account when comparing the molecular 
conductance.73 
For 6-Me, 7-Me, 8-Me, 9-Me and the C4 bridged C-
Me, the HOMO and LUMO energies are reported in 
Table 4 (see also Figure 6). The absolute energies of 
the HOMO lie between -5.03 eV for 7-Me and -4.58 
eV for 9-Me. The absolute energies of the LUMO rise 
from -1.18 eV for 8-Me to -0.57 eV for the C4 bridged 
C-Me. 
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Figure 6. Energies of the frontier orbitals (HOMO and LUMO) of the model complexes 6-Me, 7-Me, 8-Me, 9-Me and 
of the C4 bridged C-Me for comparison, computed at the PBE1PBE/LANL2DZ//PBE1PBE/6-311+g(d) level and 
arranged in increasing order of the HOMO/LUMO gap ∆E(H-L). Spatial plots of the corresponding orbitals and their 
absolute electronegativity values χ (defined as (I+A)/2 with I = ionization potential, A = electron affinity)6 are 
represented as a dashed lines halfway between the HOMO and LUMO. 
 
Table 3. Selected distances (Å) computed at the 
PBE1PBE/LANL2DZ level and derived from X-ray 
studies 
 
 
Distances 
computed at the 
PBE1PBE/LANL2DZ 
level. 
  
Distances derived  
from X-ray 
diffraction  studies 
Fe...Fe' 
(Å) 
S...S' 
(Å) 
Fe...Fe' 
(Å) 
S...S' 
(Å) 
6-
Me 
12.05 21.68 6 11.934(1) 21.426(2) 
7-
Me 
10.23 18.16 7 -- -- 
8-
Me 
16.42 26.05 8 16.2610(4) 25.685(1) 
9-
Me 
11.38 20.60 9 11.252(3) 20.609(3) 
10-
Me
b 10.23 18.16 10 -- -- 
C-
Me 
7.71 17.34 Ca 7.619(1) 16.940(3) 
asee reference36; b data derived from the calculation of 7-Me 
 
 
To achieve a resonant transport in potential 
experiments of the measurement of molecular 
conductivity, which would be an important goal for 
this series of complexes, the molecular orbitals of the 
probed molecules should be aligned approximately 
to the Fermi level of the macroscopic electronic 
leads. The Fermi energy of Au electrodes is EF ≈ - 
(4.8-5.4) eV and is consequently more in the 
energetic range of the HOMO's for all complexes 
discussed here. As expected for 18-electron metal 
complexes, the HOMO/LUMO gap ∆E(H-L) is 
relatively large and lies between 3.67 eV for 8-Me and 
4.44 eV for 7-Me.  
Except for complex 8-Me, for which an energetically 
very low-lying LUMO (EL = -1.18 eV and ∆E(H-L) = 3.67 
eV)) was calculated, ∆E(H-L) seems to be more 
dependent on theenergetic position of the HOMO, 
i.e. ∆E(H-L) is smallest for 9-Me (EH = -4.58 eV and 
∆E(H-L) = 3.81 eV)) and highest for 7-Me (EH = 5.03 eV 
and ∆E(H-L) = 4.44 eV).  
 
 
Table 4. HOMO and LUMO energies (eV), 
HOMO/LUMO gap (eV) and absolute 
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electronegativity χ computed at the 
PBE1PBE/LANL2DZ//PBE1PBE/6-311+g(d) level. 
 
 
LUMO 
(eV) 
HOMO 
(eV) 
∆E(H-L) 
(eV) 
χ 
(eV) 
6-Me -0.61 -4.75 4.14 2.68 
7-Me -0.59 -5.03 4.44 2.81 
8-Me -1.18 -4.85 3.67 3.01 
9-Me -0.77 -4.58 3.81 2.68 
C-Me -0.57 -4.60 4.03 2.59 
χ is defined as (I+A)/2 where I is the ionization potential 
and A is the electron affinity, and here directly obtained 
from the HOMO and LUMO energies. 
 
 
These results show that the energetic positions of the 
molecular orbitals and the extent of the 
HOMO/LUMO and the absolute chemical hardness 
gap to the position of EF of Au can be tuned by 
varying the bridging ligand of a X{M}Cn{M}X, even if 
the metal centre, equatorial ligands and terminal 
ligands are kept constant.  
For the discussed molecules, the chemical hardness6 
is consequently increasing in the order 8-Me < 9-Me 
< C-Me < 6-Me < 7-Me. Based on these findings, the 
coupling between the molecule and the gold 
electrode in measurements of the molecular 
conductivity can be expected to increase in the order 
7-Me < 6-Me < C-Me < 9-Me < 8-Me.  
 
 
Conclusion and Outlook 
The transmetalation at stannylated carbyl/methyne 
bridging units with different structures with the 
mononuclear trans-Fe(depe)2I fragment poses a new 
and facile synthetic pathway to access organometallic 
components suitable for molecular electronics. The 
dinuclear complexes I-(depe)2Fe- Cn-Fe(depe)2-I with 
Cn = 1,4-(−C≡C−C6H4−C≡C−) 1, 1,3-
(−C≡C−C6H4−C≡C−) 2, 4,4'-
(−C≡C−C6H4−C6H4−C≡C−) 3, 2,5-
(−C≡C−thiophene−C≡C−) 4, as well as a trinuclear 
complex {I−Fe(depe)2(C≡C−)}3(1,3,5-C6H3) 5 were 
obtained in high yields. The terminal iodo ligands 
were substituted with the potentially electrode-
binding isothiocyanate groups to give the 
corresponding di- and trinuclear complexes 6 - 10 in 
very good yields. X-ray diffraction studies of 
compounds 1, 2, 4, 5, 6, 8 and 9 showed that the 
prepared compounds have the structural rigidity 
expected for carbyl/methyne composed systems and 
that the endgroup-arene-endgroup angles are 
determined by the geometry of the bridging arene. 
The C2 units of the bridging ligands are best 
described to exist in an acetylenic form. Cyclic 
voltammetry measurements confirmed that 
compared to the C4 bridge used in our earlier studies, 
the charge delocalization is lower for the utilized 
cabyl/methyne constructed bridging units here. The 
1,4-(−C≡C−C6H4−C≡C−) bridged compounds 1 and 6, 
as well as the 2,5-(−C≡C−thiophene−C≡C−) bridged 
complexes 4 and 9 exhibit two oxidation waves under 
the given conditions. The derived Kc values (see 
Table 2) indicate that the thermodynamic stabilites 
of the mixed valence species is weak compared to the 
previously described C4 bridged compounds. The 1,3-
(−C≡C−C6H4−C≡C−) and 4,4'-
(−C≡C−C6H4−C6H4−C≡C−) bridged dinuclear 
complexes, as well as the trinuclear complexes only 
show one reversible oxidation wave corresponding to 
2e- and 3e- processes, respectively. 
DFT calculations were carried out on model 
complexes 6-Me, 7-Me, 8-Me, 9-Me, as well as the C4 
bridged congener C-Me to investigate the energetic 
changes in the frontier orbitals with respect to the 
application of these complexes in molecular 
conductivity measurements. For all complexes the 
calculated energies of the HOMO's (between -5.o3 eV 
for 7-Me and -4.58 eV for 9-Me) are in a close 
proximity of the Fermi energy of Au electrodes (EF ≈ - 
(4.8-5.4) eV). The energetic positions of the 
molecular orbitals and the extent of the HOMO-
LUMO gap can be tuned by varying the bridging 
ligand. Based on the findings, the coupling between 
the molecule and the soft gold electrode can be 
expected to increase in the order 7-Me < 6-Me < C-Me 
< 9-Me < 8-Me. To investigate the conductance 
profiles and the electronic behavior of complexes 6 - 
10 on a single molecule level could further support 
the understanding of the electronic processes taking 
place at the molecular level. Ultimately this would 
contribute to the design and realization of molecular 
building blocks with tailored structural and 
electronic properties to fabricate functional devices 
on the molecular level. 
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General Procedures 
 
 
Reagent grade toluene, pentane, diethylether and tetrahydrofuran were dried and distilled from sodium prior 
to use. Reagent grade benzene and dichloromethane were dried and distilled from CaH2, acetonitrile from 
P2O5. Deuterated solvents were dried and distilled likewise. 
 
The stannylated linkers 1,4-bis((trimethylstannylethynyl)-benzene, 1,3-bis((trimethylstannyl)ethynyl)benzene, 
4,4'-bis((trimethylstannyl)ethynyl)biphenyl, 2,5-bis((trimethyl-stannyl)ethynyl)thiophene and 1,3,5-
tris((trimethylstannyl)-ethynyl)benzene were obtained by lithiating the corresponding deprotected alkyne at 
low temperatures and then reacting them with stochiometric amounts of Me3SnCl. The stannylated reagents 
were purified by two subsequent crystallizations from cold pentane. Commercially available NaSCN was 
recrystallised from methanol prior to use.  
 
NMR spectra were measured on a on a Bruker Biospin at 500 MHz for 1H, 125.8 MHz for 13C{1H} and 202.5 
MHz for 31P{1H}. Chemical shifts for 1H and 13C are given in ppm relative to the solvent3 and for 31P relative to 
phosphoric acid. All NMR were recorded at room temperature. IR spectra were measured using an ATR bridge 
and recorded on a Perkin-Elmer Spectrum Two FT-IR spectrometer. Raman spectra were recorded on a 
Renishaw Ramanscope spectrometer (514 nm). CHN elemental analyses were performed with a LECO CHN-
932 microanalyzer. Cyclic voltammograms were obtained with a BAS 100W Voltammetric Analyzer (low 
volume cell). The cell was equipped with an Au working electrode and a Pt counter electrode, and an Ag 
reference electrode. All sample solutions were 0.1M in Bu4NPF6 and recorded with a scan rate of 100 mV/s. 
Ferrocene was used as an external standard. A BAS 100W program was employed for the data analysis. 
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Syntheses 
 
 
[I– (depe2)Fe–1,4– (C≡C–C6H4–C≡C) –Fe(depe2) –I] 1 
 
 
 
 
 
Fe(depe)2I2 (289 mg, 0.4 mmol) and 1,4-bis((trimethylstannyl)ethynyl)benzene (95 mg, 0.21 mmol) were 
suspended in THF (10 mL) and heated to reflux for 12 h. The THF was removed in vacuo and the obtained 
solid washed with pentane/diethylether (1:1, 3 x 10 mL). The product was extracted with toluene (40 mL) and 
the solution filtered over diatomite. Drying in vacuo gave the title compound as a red solid. Yield: 228 mg = 
0.173 mmol = 86.7 %. Crystals suitable for X-ray were grown by slow diffusion of pentane into a THF solution 
at rt. 
 
 
Anal. Calcd.: C: 45.68, H: 7.67. Found: C: 45.91, H: 7.51. IR (ATR, cm-1): 2028 (vs, νC≡C);1489 (m, νC=C). Raman 
(cm-1): 2030 (m, νC≡C);1586 (s, νC=C). 
1H – NMR (500 MHz, THF-d8): δ = 6.50 (s, 4H, Ar-H), 2.62 - 2.53 (m, 8H, 
CH2-CH3), 2.47 - 2.38 (m, 8H, CH2-CH3), 2.06 - 1.89 (m, 24H, CH2-CH3 and CH2-CH2), 1.83 - 1.75 (m, 8H, CH2-
CH3, overlapping with THF), 1.26 - 1.14 (m, 48H, CH2-CH3). 
13C – NMR (125.8 MHz, THF-d8): 129.9 (s, o-C), 
125.6 (s, i-C), 124.15 (s, Fe-C≡C), 122.7 (p, 2JC-P = 23.9 Hz, Fe-C≡C), 25.1 - 24.9 (m, CH2-CH3), 22.6 - 22.1 (m, CH2-
CH2), 21.3 - 21.1 (m, CH2-CH3), 10.5 (d,
 2JC-P = 75.5 Hz, CH2-CH3). 
31P – NMR (202.5 MHz, THF-d8): 66.0 (s). 
 
 
 
 
 
[I– (depe2)Fe–1,3– (C≡C–C6H4–C≡C) –Fe(depe2) –I] 2 
 
 
 
 
 
Fe(depe)2I2 (289 mg, 0.4 mmol) and 1,3-bis((trimethylstannyl)ethynyl)benzene (95 mg, 0.21 mmol) were 
suspended in THF (10 mL) and heated to reflux for 12 h. The solvent was removed in vacuo and the obtained 
pink solid washed with pentane (3 x 10 mL). The product was extracted with benzene (25 mL) and the 
solution filtered over a patch of celite. Drying in vacuo gave the title compound as a pink solid. Yield: 238 mg 
= 0.181 mmol = 90.5 %. Crystals suitable for X-ray were grown by slow diffusion of pentane into a THF solution 
at rt. 
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Anal. Calcd.: C: 45.68; H: 7.67. Found: C: 45,49; H: 7.53. IR (ATR, cm-1): 2036 (vs, νC≡C);1571 (s, νC=C); 1551 (m, 
νC=C). Raman (cm
-1): 2040 (s, νC≡C);1574 (m, νC=C);
1H – NMR (500 MHz, THF-d8): δ = 6.62 (t, 1H, 
3JH-H = 7.5 Hz, 
5-Ar-H), 6.39 (s, 1H, 2-Ar-H), 6.31 (d, 1H, 3JH-H = 7.5 Hz, 4-Ar-H), 2.64 - 2.54 (m, 8H, CH2-CH3), 2.50 - 2.38 (m, 
8H, CH2-CH3), 2.06 - 1.88 (m, 24H, CH2-CH3 and CH2-CH2), 1.83 - 1.75 (m, 8H, CH2-CH3), 1.26 - 1.14 (m, 48H, 
CH2-CH3).
 13C{1H} NMR (125.8 MHz, THF-d8): δ = 132.1 (s, 2-Ar-C), 130.9 (p,
 2JC-P = 37.7 Hz, Fe-C≡C), 130.6 (s, 1-
Ar-C), 127.9 (s, 5-Ar-C), 124.9 (s, 4-Ar-C), 123.8 (Fe-C≡C), 25.1 - 24.8 (m Hz, CH2-CH3) 22.5 - 22.0 (m, CH2-CH2), 
21.3 - 20.9 (m Hz, CH2-CH3), 10.6 (d, 
2JC-P = 62.9 Hz, CH2-CH3). 
31P{1H} NMR (202.5 MHz, THF-d8): δ = 66.1 (s). 
 
 
 
 
[I– (depe2)Fe–4,4–(C≡C–C6H4 –C6H4–C≡C)–Fe(depe2) –I] 3 
 
 
 
 
 
Fe(depe)2I2 (289 mg, 0.4 mmol) and 4,4'-bis((trimethylstannyl)ethynyl)biphenyl (110 mg, 0.208 mmol) were 
suspended in THF (10 mL) and heated to reflux for 12 h. After cooling down to rt, a yellow-orange precipitate 
formed. Pentane (30 mL) was added and the supernatant solution removed. The precipitate was washed with 
pentane (3 x 10 mL). After extraction with hot toluene (90°C, 40 mL), the solution was filtered hot over a 
patch of celite. The toluene was removed in vacuo to give the title compound as an orange solid. Yield: 251 mg 
= 0.181 mmol = 90.4 %. 
 
 
Anal. Calcd.: C: 48.36; H: 7.54. Found: C: 48.56; H: 7.55. IR (ATR, cm-1): 2023 (vs, νC≡C);1595 (m, νC=C); 1480 (s, 
νC=C). Raman (cm
-1): 2040 (w, νC≡C);1591 (vs, νC=C). (500 MHz, CD2Cl2): δ = 7.23 (d, 4H, 
3JH-H = 10.0 Hz, Ar-H), 
6.88 (d, 4H, 3JH-H = 10.0 Hz, Ar-H), 2.63 - 2.51 (m, 8H, CH2-CH3), 2.10 - 1.90 (m, 24 H, CH2-CH3 and CH2-CH2), 
1.88 - 179 (m, 8H, CH2-CH3), 1.32 - 1.17 (m, 48H, CH2-CH3) 
13C – NMR (125.8 MHz, CD2Cl2): δ = 135.0 (s, Ar-C), 
130.3 (s, Ar-C-H), 128.6 (s, Ar-C), 126.1 (s, Ar-C-H), 123.3 (s, Fe-C≡C), 24.4 - 24.0 (m Hz, CH2-CH3) 21.8 - 21.3 (m, 
CH2-CH2), 20.5 - 20.2 (m Hz, CH2-CH3), 10.3 (d, 
2JC-P = 75.5 Hz, CH2-CH3). 
31P – NMR (202.5 MHz, CD2Cl2): δ = 
64.8 (s). 
 
 
 
 
 
[I– (depe2)Fe–4,4– (C≡C– SC4H2 –C≡C) –Fe(depe2) –I] 4 
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Fe(depe)2I2 (289 mg, 0.4 mmol) and 2,5-bis((trimethylstannyl)ethynyl)thiophene (96 mg, 0.21 mmol) were 
suspended in toluene (10 mL) and heated to 80°C for 12 h. After cooling down, the brown solution was 
concentrated to 5 mL before pentane was added (20 mL) causing a precipitate to form. the supernatant 
solution was removed and the precipitate washed with pentane (3 x 10 mL). The product was extracted with 
benzene (20 mL)) and the solution filtered over a patch of celite. Drying in vacuo gave the title compound as a 
brown solid. Yield: 234 mg = 0.177mmol = 88.4 %. Crystals suitable for X-ray were grown in benzene/pentane 
at rt. 
 
 
Anal. Calcd.: C: 43.65; H: 7.48. Found: C: 43.81; H: 7.51. IR (ATR, cm-1): 2034 (s, νC≡C);1502 (w, νC=C). Raman 
(cm-1): 2032 (m, νC≡C);1439 (vs, νC=C). 
1H – NMR (500 MHz, C6D6): δ = 6.38 (s, 2H, 3-Thiophene-H), 2.72 - 2.62 
(m, 8H, CH2-CH3), 2.44 - 2.33 (m, 8H, CH2-CH3), 1.92 - 1.79 (m, 16H, CH2-CH3 and CH2-CH2), 1.77 - 1.61 (m, 
16H, CH2-CH3 and CH2-CH2), 1.11 - 1.02 (m, 48H, CH2-CH3).
 13C{1H} NMR (125.8 MHz, C6D6): δ = 137.6 (p, 
2JC-P = 
28.9 Hz, Fe-C≡C), 125.4 (s, Fe-C≡C), 123.1(s, 3-Thiophene-C), 115.4 (s, 2-Thiophene-C), 24.5 - 24.3(m, CH2-CH3), 
22.0 - 21.5 (m, CH2-CH2), 20.9 - 20.6(m, CH2-CH3), 10.3(d, 
2JC-P = 62.9 Hz, CH2-CH3). 
31P{1H} NMR (202.5 MHz, 
C6D6): δ = 67.9 (s). 
 
 
 
 
[{I– (depe2)Fe– C≡C–}3–(1,3,5– C6H3 )] 5 
 
 
 
 
 
Fe(depe)2I2 (217 mg, 0.3 mmol) and 1,3,5-tris((trimethylstannyl)ethynyl)benzene (67 mg, 0.105 mmol) were 
suspended in THF (50 mL) and heated to reflux for 12 h. The red solution was then filtered hot over a patch of 
celite and concentrated to a volume of 20 mL, causing a pink precipitate to form. The supernatant solution 
was removed and the precipitate washed with diethylether (3 x 10 mL). Drying in vacuo gave the title 
compound as a pink solid. Yield: 180 mg = 0.0931 mmol =93.1 %. 
 
 
Anal. Calcd.: C: 44.74; H: 7.67. Found: C: 44.95; H: 7.46. IR (ATR, cm-1): 2046 (vs, νC≡C); 1551 (vs, νC=C). 
Raman (cm-1): 2049 (s, νC≡C);1561 (m, νC=C). 
1H – NMR (500 MHz, CD2Cl2): δ = 5.94 (s, 3H, Ar-H), 2.55 - 2.44 
(m, 12H, CH2-CH3), 2.40 - 2.27 (m, 12H, CH2-CH3), 2.00 - 1.84 (m, 32H, CH2-CH3 and CH2-CH2), 1.76 - 1.67 (m, 
12H, CH2-CH3), 1.20 - 1.12 (m, 72H, CH2-CH3) 
13C – NMR (125.8 MHz, CD2Cl2): δ = 126.3 (s, Ar-C-H), 24.8 - 24.2 
(m Hz, CH2-CH3), 22.1 - 21. 5 (m, CH2-CH2), 20.7 - 20.1 (m Hz, CH2-CH3), 10.4 (d, 
2JC-P = 75.5 Hz, CH2-CH3). 
31P – 
NMR (202.5 MHz, CD2Cl2): δ = 66-5 (s). 
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[SCN– (depe2)Fe–1,4– (C≡C–C6H4–C≡C) –Fe(depe2) –NCS] 6 
 
 
 
 
 
Compound 1 (66 mg, 0.05 mmol) and NaSCN (81 mg, 1 mmol) were dispersed in acetonitrile (15 mL) and 
heated to reflux for 12 h. Complex 1 gradually dissolved to give a yellow solution. The solution was 
concentrated to 5 mL, causing a yellow precipitate to form. The precipitate was filtered off using a patch of 
celite and washed with acetonitrile (3 x 5 mL). The product, a yellow solid, was extracted with benzene (40 
mL) and dried in vacuo. Crystals suitable for X-ray were grown by slow diffusion of pentane into a THF 
solution at rt. 
 
 
Anal. Calcd.. Found: C: 53.06; H: 8.56; N: 2.38. Found: C: 52.80; H: 8.61; N: 2.42. IR (ATR, cm-1): 2092 (s, 
νC=N); 2044 (s, νC≡C); 1489 (m, νC=C). Raman (cm
-1): 2043 (m, νC≡C); 1590 (s, νC=C). 
1H – NMR (500 MHz, CD2Cl2): 
δ = 6.50 (s, 4H, Ar-H), 2.29 - 2.20 (m, 8H, CH2-CH3), 1.95 - 1.72 (m, 40H, CH2-CH3 and CH2-CH2), 1.24 - 1.14 (m, 
48H, CH2-CH3). 
13C – NMR (125.8 MHz, CD2Cl2): 139.5 (s, Fe-N=C=S), 129.6 (s, o-C), 127.7 (p,
 2JC-P = 25.2 Hz, Fe-
C≡C), 124.9 (s, i-C), 120.6 (s, Fe-C≡C), 21.3 - 20.7 (m, CH2-CH3), 20.0 - 19.6 (m, CH2-CH2 and CH2-CH3), 9.5 (d,
 
2JC-P = 37.7 Hz, CH2-CH3). 
31P – NMR (202.5 MHz, CD2Cl2): 73.8 (s) 
 
 
 
 
[SCN– (depe2)Fe–1,3– (C≡C–C6H4–C≡C) –Fe(depe2) –NCS] 7 
 
 
 
 
 
Compound 2 (66 mg, 0.05 mmol) and NaSCN (81 mg, 1 mmol) were dispersed in acetonitrile (15 mL) and 
heated to reflux for 5 h, yielding a yellow solution. The acetonitrile was removed in vacuo and the resulting 
solid washed with diethylether (3 x 5 mL). The product extracted with benzene/pentane (2:1, 40 mL). The 
solution was filtered over a patch of celite . Drying in vacuo gave the title compound as yellow solid. Yield: 
53.6 mg = 0.046 mmol = 91.1 %. 
 
 
Anal. Calcd.. Found: C: 53.06; H: 8.56; N: 2.38. Found: C: 53.31; H: 8.47; N: 2.15. IR (ATR, cm-1): 2092 (s, νC=N); 
2041 (vs, νC≡C); 1574 (s, νC=C); 1552 (m, νC=C). Raman (cm
-1): 2097 (m, νC=N); 2040 (vs, νC≡C); 1578 (m, νC=C); 1552 
(w, νC=C).
 1H – NMR (500 MHz, THF-d8): δ = 6.59 (t, 1H, 
3JH-H = 7.5 Hz, 5-Ar-H), 6.35 (s, 1H, 2-Ar-H), 6.31 (d, 1H, 
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3JH-H = 10.0 Hz, 4-Ar-H), 2.38 - 2.26 (m, 8H, CH2-CH3), 2.00- 1.79 (m, 40H, CH2-CH3 and CH2-CH2), 1.27 - 1.18 
(m, 48H, CH2-CH3).
 13C{1H} NMR (125.8 MHz, THF-d8): δ = 142.8 (s, Fe-N=C=S), 132.3 (s, 2-Ar-C), 130.3 (s, 1-Ar-
C), 127.9 (s, 5-Ar-C), 126.8 (p, 2JC-P = 25.2 Hz, Fe-C≡C), 125.2 (s, 4-Ar-C), 121.1 (Fe-C≡C), 21.8 - 21.3 (m Hz, CH2-
CH3) 20.8 - 20.5 (m, CH2-CH2), 20.4 - 20.2 (m Hz, CH2-CH3), 9.7 (d, 
2JC-P = 50.3 Hz, CH2-CH3). 
31P{1H} NMR 
(202.5 MHz, THF-d8): δ = 74.4 (s). 
 
[SCN– (depe2)Fe–4,4–(C≡C–C6H4 –C6H4–C≡C)–Fe(depe2) –NCS] 8 
 
 
 
 
 
Compound 3 (70 mg, 0.05 mmol) and NaSCN (81 mg, 1 mmol) were dispersed in acetonitrile (15 mL) and 
heated to reflux for 12 h. The components never fully dissolved, over the course of the reaction, a yellow 
precipitate was always present. The solution was concentrated to 5 mL to further precipitation. The solid was 
filtered off using a patch of celite and washed with acetonitrile (3 x 5 mL). The product, a yellow-orange solid, 
was extracted with benzene (40 mL) and dried in vacuo. Yield: 58 mg = 0.047 mmol = 93.2 %. Crystals suitable 
for X-ray were grown by slow evaporation of a THF/acetonitrile solution at rt. 
 
 
Anal. Calcd.: C: 55.59; H: 8.37; N: 2.24. Found: C: 55.78; H: 8.31; N: 2.16. IR (ATR, cm-1): 2094 (s, νC=N); 2034 
(vs, νC≡C); 1596 (s, νC=C); 1481 (s, νC=C). Raman (cm
-1): 2045 (w, νC≡C); 1591 (vs, νC=C); 1522 (vw, νC=C). 
1H – NMR 
(500 MHz, CD2Cl2): δ = 7.19 (d, 4H, 
3JH-H = 8.0 Hz, Ar-H), 6.84 (d, 4H, 
3JH-H = 8.0 Hz, Ar-H), 2.37 - 2.25 (m, 8H, 
CH2-CH3), 2.06 - 1.75 (m, 40H, CH2-CH3 and CH2-CH2), 1.30 - 1.13 (m, 48H, CH2-CH3) 
13C – NMR (125.8 MHz, 
CD2Cl2): δ = 139.9 (s, Fe-N=C=S), 135.5 (s, Ar-C), 132.2 (p,
 2JC-P = 28.3 Hz, Fe-C≡C), 130.4 (s, Ar-C-H), 128.7 (s, Ar-
C), 126.2 (s, Ar-C-H), 120.3 (s, Fe-C≡C), 21.4 - 21.0 (m Hz, CH2-CH3) 20.2 - 19.9 (m, CH2-CH2), 19.9 - 19.7 (m Hz, 
CH2-CH3), 9.6 (d, 
2JC-P = 62.9 Hz, CH2-CH3). 
31P – NMR (202.5 MHz, CD2Cl2): δ = 73.9 (s). 
 
 
 
 
 
[SCN–(depe2)Fe–4,4–(C≡C–SC4H2–C≡C)–Fe(depe2)–NCS] 9 
 
 
 
 
 
 
Compound 4 (66 mg, 0.05 mmol) and NaSCN (81 mg, 1 mmol) were dispersed in acetonitrile (15 mL) and 
heated to reflux for 12 h, yielding a brown solution. The acetonitrile was removed in vacuo and the resulting 
solid washed with cold diethylether (-20°C, 3 x 5 mL). Then the product was extracted with benzene/pentane 
(2:1; 40 mL). The solution was filtered over a patch of celite . Drying in vacuo gave the title compound as 
Fe
PEt2Et2P
Et2P PEt2
Fe
PEt2Et2P
Et2P PEt2
NN C SCS
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yellow-brown solid. Yield: 57 mg = 0.049 mmol = 97.0 % Crystals suitable for X-ray were grown by slow 
diffusion of pentane into a benzene solution at rt. 
 
 
 
 
 
Anal. Calcd.: C: 50.76; H: 8.35; N: 2.37. Found: C: 50.71; H: 8.31; N: 2.30. IR (ATR, cm-1): 2094 (s, νC=N); 2031 (s, 
νC≡C); 1503 (w, νC=C). Raman (cm
-1): 2097 (w, νC=N); 2036 (m, νC≡C); 1434 (vs, νC=C
1H – NMR (500 MHz, C6D6): δ = 
6.24 (s, 2H, 4-Thiophene-H), 2.14 - 2.07 (m, 8H, CH2-CH3), 1.90 - 1.83 (m, 8H, CH2-CH3), 1.61 - 1.45 (m, 32H, 
CH2-CH3 and CH2-CH2), 1.03 - 0.94 (m, 48H, CH2-CH3).
 13C{1H} NMR (125.8 MHz, C6D6): δ = 142.5 (2, Fe-
N=C=S), 133.6 (p, 2JC-P = 25.2 Hz, Fe-C≡C), 125.2 (s, 3-Thiophene-C), 123.4 (s, Fe-C≡C), 112.5 (s, 2-Thiophene-C), 
21.1 - 20.0 (m, CH2-CH3), 20.0 - 19.7 (m, CH2-CH2), 19.7 - 19.5 (m, CH2-CH3), 9.3 (d, 
2JC-P = 37.7 Hz, CH2-CH3). 
31P{1H} NMR (202.5 MHz, C6D6): δ = 74.0 (s) 
 
 
 
 
[{SCN– (depe2)Fe– C≡C–}3–(1,3,5– C6H3 )] 10 
 
 
 
 
 
Compound 5 (97 mg, 0.05 mmol) and NaSCN (122 mg, 1.5 mmol) were dispersed in acetonitrile (15 mL) and 
heated to reflux for 5 h. The pink complex 5 gradually dissolved to give a yellow solution. The solution was 
concentrated to 5 mL, causing a yellow precipitate to form. The precipitate was filtered off using a patch of 
celite and washed with acetonitrile (3 x 5 mL). The product, a yellow solid, was extracted with benzene (40 
mL) and dried in vacuo. Yield: 83 mg = 0.048 mmol = 96.2%. 
 
 
Anal. Calcd.: C: 52.18; H: 8.58; N: 2.43. Found: C: 52.38; H: 8.45; N: 2.31. IR (ATR, cm-1): 2096 (vs, νC=N); 2043 
(vs, νC≡C); 1552 (s, νC=C). Raman (cm
-1): 2101 (m, νC=N); 2053 (vs, νC≡C); 1556 (m, br, sh at 1575, νC=C). 
1H – NMR 
(500 MHz, THF-d8): δ = 5.93 (s, 3H, Ar-H), 2.35 - 2.24 (m, 12H, CH2-CH3), 1.96 - 1.88 (m, 24H, CH2-CH3), 1.86 - 
1.77 (m, 36H, CH2-CH3 and CH2-CH2), 1.24 - 1.17 (m, 72H, CH2-CH3). 
13C – NMR (125.8 MHz, THF-d8): 142.7 (s, 
Fe-N=C=S), 129.6 (s, Ar-C-C≡C), 127.5 (s, Ar-C-H), 123.8 (p, 2JC-P = 28.3 Hz, Fe-C≡C), 121.5 (s, Fe-C≡C), 21.5 - 21.3 
(m, CH2-CH2), 20.7 - 20.4 (m, CH2-CH3), 9.6 (d,
 2JC-P = 62.9 Hz, CH2-CH3). 
31P – NMR (202.5 MHz, THF-d8): 
74.6 (s). 
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NMR - Studies 
 
 
 
Figure S1. 1H NMR of 1 in THF-d8 
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Figure S2. 13C{1H} NMR of 1 in THF-d8 
 
 
Figure S3. 31P{1H} NMR of 1 in THF-d8 
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C,H Correlation NMR of 1 in THF-d8 
 
 
 
 
C,H Correlation (longrange) NMR of 1 in THF-d8 
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Figure S6. 1H NMR of 2 in THF-d8 
 
 
 
 
Figure S7.13C{1H} NMR of 2 in THF-d8 
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Figure S8.31P{1H} NMR of 2 in THF-d8 
 
 
 
 
C,H Correlation NMR of 2 in THF-d8 
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C,H Correlation (longrange) NMR of 2 in THF-d8 
 
 
 
 
Figure S11.1H NMR of 3 in CD2Cl2 
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Figure S12.13C{1H} NMR of 3 in CD2Cl2 
 
 
 
Figure S13.31P{1H} NMR of 3 in CD2Cl2 
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 C,H Correlation of 3 in CD2Cl2 
 
 
 
 
 C,H Correlation (longrange) of 3 in CD2Cl2 
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Figure S16. 1H NMR of 4 in C6D6 
 
 
 
Figure S17.13C{1H} NMR of 4 in C6D6 
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Figure S18. 31P{1H} NMR of 4 in C6D6 
 
 
 
 C,H-Correlation of 4 in C6D6 
 
 
 
 
 
5. Structural and Electronic Variations of Carbyl/Methyne
_________________________________________________________________________________________________
Figure S20.
-Based Bridges in Di- and Trinuclear Redox
Iron Complexes Bearing Fe(diphosphine)2X (X = I, NCS) Moieties
 
211 
 
 
 
 C,H-Correlation (longrange) of 4 in C6D6 
 
 
Figure S21. 1H NMR of 5 in CD2Cl2 
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Figure S22. 13C{1H} NMR of 5 in CD2Cl2 
 
 
 
 
Figure S23. 31P{1H} NMR of 5 in CD2Cl2 
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 C,H Correlation of 5 in CD2Cl2 
 
 
 
 
 C,H Correlation (longrange) of 5 in CD2Cl2 
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Figure S26. 1H NMR of 6 in CD2Cl2 
 
 
 
 
Figure S27. 13C{1H} NMR of 6 in CD2Cl2 
 
 
 
 
 
5. Structural and Electronic Variations of Carbyl/Methyne
_________________________________________________________________________________________________
Figure S29.
-Based Bridges in Di- and Trinuclear Redox
Iron Complexes Bearing Fe(diphosphine)2X (X = I, NCS) Moieties
 
215 
 
 
Figure S28. 31P{1H} NMR of 6 in CD2Cl2 
 
 
 
 
 H,H Correlation (COSY) of 6 in CD2Cl2 
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 C,H Correlation of 6 in CD2Cl2 
 
 
 
 
 C,H Correlation (longrange) of 6 in CD2Cl2 
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Figure S32. 1H NMR of 7 in THF-d8 
 
 
 
Figure S33. 13C{1H} NMR of 7 in THF-d8 
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Figure S34. 31P{1H} NMR of 7 in THF-d8 
 
H,H Correlation (COSY) of 7 in THF-d8 
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 C, H Correlation of 7 in THF-d8 
 
 
 
 
 C, H Correlation (longrange) of 7 in THF-d8 
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Figure S38. 1H NMR of 8 in CD2Cl2 
 
 
 
Figure S39. 13C{1H} NMR of 8 in CD2Cl2 
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Figure S40. 31P{1H} NMR of 8 in CD2Cl2 
 
 
 H,H Correlation (COSY) of 8 in CD2Cl2 
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 C,H Correlation of 8 in CD2Cl2 
 
 
 C,H Correlation (longrange) of 8 in CD2Cl2 
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Figure S44. 1H NMR of 9 in C6D6 
 
 
Figure S45. 13C{1H} NMR of 9 in C6D6 
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Figure S46. 31P{1H} NMR of 9 in C6D6 
 
 
 H,H Correlation (COSY) of 9 in C6D6 
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 C,H Correlation of 9 in C6D6 
 
 
 
 C,H Correlation (longrange) of 9 in C6D6 
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Figure S50. 1H NMR of 10 in THF-d8 
 
 
13C{1H} NMR of 10 in THF-d8 
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31P{1H} NMR of 10 in THF-d8 
 
 
H,H Correlation (COSY) of 10 in THF-d8 
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C,H Correlation of 10 in THF-d8 
 
 
C,H Correlation (longrange) of 10 in THF-d8 
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Infrared Spectra 
 
 
Table S1. IR and Raman ν(C4) bands of the bridging butadiyne unit of compounds 1 - 10. 
 
No. 
IR 
[cm-1] 
νas(C≡C) 
IR 
[cm-1] 
νas(C=C) 
Raman [cm-1] 
νs(C≡C) 
Raman [cm-1] 
νs(C=C) 
 
ν(C≡N) 
[cm-1] 
 
 
1 2028 (vs) 1489 (m) 2030 (m) 1586 (s) --- 
2 2036 (vs) 1571 (s), 1551 (m) 2040 (s) 1574 (m) --- 
3 2023 (vs) 1595 (m), 1480 (s) 2040 (w) 1591 (vs) --- 
4 2034(s) 1502 (w) 2032 (m) 1439 (vs) --- 
5 2046 (vs) 1551 (vs) 2049 (s) 1561 (m) --- 
6 2044(s) 1489 (m) 2043 (m) 1590 (s) 2092 (νas, s) 
7 2041 (vs) 1574 (s), 1552 (m) 2040 (vs) 1578 (m), 1552 (w) 2092 (νas, s); 2097 (νs, m) 
8 2034 (vs) 1596 (s), 1481 (s) 2045 (w) 1591 (vs), 1522 (vw) 2094 (νas, s) 
9 2031(s) 1503 (w) 2036 (m) 1434 (vs) 2094 (νas, s); 2097 (νs, w) 
10 2043 (vs) 1552 (s) 2053 (vs) 
1556 (m, br, sh at 
1575) 
2096 (νas, vs); 2101 (νs, m) 
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Figure S56. IR spectrum (ATR) of 1 
 
 
 
 
 
Figure S57. IR spectrum (ATR) of 2 
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Figure S58. IR spectrum (ATR) of 3 
 
 
 
 
 
Figure S59. IR spectrum (ATR) of 4 
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Figure S60. IR spectrum (ATR) of 5 
 
 
 
 
 
Figure S61. IR spectrum (ATR) of 6 
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Figure S62. IR spectrum (ATR) of 7 
 
 
 
 
 
Figure S63. IR spectrum (ATR) of 8 
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Figure S64. IR spectrum (ATR) of 9 
 
 
 
 
 
Figure S65. IR spectrum (ATR) of 10 
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X-ray diffraction 
 
Table S2. Crystallographic data for compounds 1, 2 and 4. 
 
 
1 2 4 
empirical formula C50H100Fe2I2P8 C50H100Fe2I2P8 C48H98Fe2I2P8S 
formula weight (g·mol-1) 1314.56 1314.56 1320.58 
temperature (K) 153(2) 183(1) 153(2) 
wavelength (Å) 0.71073 0.71073 0.71073 
crystal system, space group monoclinic, P 21/c monoclinic, I 2/a monoclinic, P 21/c 
a (Å) 16.5189(4) 16.1604(1) 12.1821(4) 
b (Å) 9.9102(2) 13.9634(1) 29.8188(10) 
c (Å) 18.2717(3) 27.1193(2) 19.5967(8) 
α  (deg) 90 90 90 
β  (deg) 97.748(2) 100.184(1) 124.521(3) 
γ  (deg) 90 90 90 
volume (Å3) 2963.87(11) 6023.17(7) 5865.2(4) 
Z, density (calcd) (Mg·m-3) 2, 1.473 4, 1.450 4, 1.496 
abs coefficient (mm-1) 1.779 1.750 1.832 
F(000) 1356 2712 2720 
crystal size (mm3) 0.40 x 0.22 x 0.07 0.44 x 0.29 x 0.19 0.24 x 0.14 x 0.13 
θ range (deg) 3.05 to 30.03 2.32 to 30.03 2.73 to 25.03 
reflections collected 47537 62490 31417 
reflections unique 8570 / Rint = 0.0459 8805 / Rint = 0.0325 10206 / Rint = 0.0371 
completeness to θ (%) 98.9 100.0 98.3 
absorption correction analytical semi-empirical from 
equivalents 
analytical 
max/min transmission 0.890 and 0.633 1.000 and 0.619 0.858 and 0.766 
data / restraints / parameters 7514 / 2 / 308 8162 / 0 / 289 8009 / 74 / 518 
goodness-of-fit on F2 1.041 1.076 1.032 
final R1 and wR2 indices [I > 2σ(I)] 0.0375, 0.0902 0.0235, 0.0602 0.0712, 0.1803 
R1 and wR2 indices (all data) 0.0454, 0.0985 0.0263, 0.0625 0.0899, 0.1965 
largest diff. peak and hole (e·Å-3) 2.722 and -1.061 0.745 and -0.588 1.790 and -1.777 
The unweighted R-factor is R1 = ∑(Fo – Fc)/∑Fo; I>2σ(I) and the weighted R-factor is wR2 = {∑w(Fo2 – Fc2)2/∑w(Fo2)2}1/2 
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Table S3. Crystallographic data for compounds 5, 6, 8 and 9. 
 
 
5 6 8 9 
empirical formula C72H147Fe3I3P12, 
0.5(C6H6) 
C52H100Fe2N2P8S2, 
2(C6H5Cl) 
C58H104Fe2N2P8S2 C50H98Fe2N2P8S3 
formula weight (g·mol-1) 1971.83 1402.02 1253.01 1182.98 
temperature (K) 120(2) 183(1) 183(1) 183(1) 
wavelength (Å) 1.54184 0.71073 0.71073 0.71073 
crystal system, space group monoclinic, P 21/c monoclinic, P 21/c orthorhombic, P b c a monoclinic, P 21/c 
a (Å) 16.5273(5) 9.4939(6) 12.3808(2) 17.8328(4) 
b (Å) 28.5966(10) 12.9379(5) 17.8464(2 20.0399(4) 
c (Å) 20.0805(7) 29.598(2) 29.4377(4) 18.9596(4) 
α  (deg) 90 90 90 90 
β  (deg) 101.221(4) 90.369(6) 90 117.489(3) 
γ  (deg) 90 90 90 90 
volume (Å3) 9309.1(6) 3635.5(4) 6504.34(16) 6010.6(2) 
Z, density (calcd) (Mg·m-3) 4, 1.407 2, 1.281 4, 1.280 4, 1.307 
abs coefficient (mm-1) 13.729 0.744 0.744 0.834 
F(000) 4068 1492 2680 2528 
crystal size (mm3) 0.20 x 0.10 x 0.03 0.30 x 0.11 x 0.04 0.45 x 0.34 x 0.04 0.35 x 0.07 x 0.01 
θ range (deg) 2.72 to 68.25 2.56 to 25.35 2.12 to 30.40 2.37 to 28.78 
reflections collected 50707 20403 43906 69260 
reflections unique 17043 / Rint = 0.1258 6596 / Rint = 0.0696 8994 / Rint = 0.0286 13917 / Rint = 0.0582 
completeness to θ (%) 99.9 98.9 100.0 96.5 
absorption correction semi-empirical from 
equivalents 
analytical analytical analytical 
max/min transmission 1.000 and 0.368 0.967 and 0.850 0.980 and 0.853 0.991 and 0.851 
data / restraints / parameters 7144 / 128 / 248 4869 / 110 / 366 7387 / 36 / 371 10153 / 84 / 584 
goodness-of-fit on F2 1.114 1.021 1.023 1.136 
final R1 and wR2 indices [I > 2σ(I)] 0.1298, 0.3467 0.0598, 0.1362 0.0392, 0.0920 0.1054, 0.2174 
R1 and wR2 indices (all data) 0.2208, 0.4288 0.0865, 0.1536 0.0513, 0.0992 0.1392, 0.2325 
largest diff. peak and hole (e·Å-3) 3.537 and -1.500 0.654 and -0.628 0.947 and -0.464 1.240 and -1.482 
The unweighted R-factor is R1 = ∑(Fo – Fc)/∑Fo; I>2σ(I) and the weighted R-factor is wR2 = {∑w(Fo2 – Fc2)2/∑w(Fo2)2} 
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Table S4. Selected bond lengths [Å], non-bonding distances [Å] and angles [°] of compounds 1, 2, 4, 6, 8 and 
9. 
 1 2 4 6 8 9 
Space group P 21/c I 2/a P 21/c P 21/c P b c a P 21/c 
Bond lengths 
[Å] 
 
Fe1-C1 
1.883(2) 
Fe1-C1 
1.8862(14) 
Fe1-C1 
1.868(4) 
Fe2-C8 
1.889(4) 
Fe1-C2 
1.899(4) 
Fe1-C2 
1.8991(16) 
Fe1−C22 
1.890(6) 
Fe2-C29 
1.891(7) 
C1-C2 
1.218(4) 
C1-C2 
1.220(2) 
C1-C2 
1.226(6) 
C8-C7 
1.210(6) 
C2-C3 
1.221(5) 
C2-C3 
1.217(2) 
C22−C23 
1.222(9) 
C29−C28 
1.213(10) 
C2-C3 
1.433(3) 
C2-C3 
1.4329(19) 
C2-C3 
1.408(6) 
C7-C6 
1.415(6) 
C3-C4 
1.441(5) 
C3-C4 
1.435(2) 
C23−C24 
1.418(9) 
C28−C27 
1.424(9) 
Fe1-I1 
2.6907(4) 
Fe1-I1 
2.7026(2) 
Fe1-I1A 
2.7146(9) 
Fe2-I2A 
2.7065(9) 
Fe1-N1 
1.953(3) 
Fe1-N1 
1.9534(14) 
Fe1-N1 
1.964(6) 
Fe2-N2 
1.964(6) 
--- --- --- 
N1-C1 
1.160(5) 
N1-C1 
1.150(2) 
N1-C1 
1.119(8) 
N2-C30 
1.121(9) 
--- --- --- 
C1-S1 
1.645(4) 
C1-S1 
1.6405(18) 
C1-S1 
1.673(7) 
C30-S2 
1.661(7) 
Fe1-P 
2.254 a 
Fe1-P 
2.252 a 
Fe1-P 
2.255 a 
Fe2-P 
2.235 a 
Fe1-P 
2.262 a 
 
Fe1-P 
2.253a 
Fe1-P 
2.256 a 
Fe2-P 
2.251 a 
Non-bonding 
distances [Å] 
Fe1….Fe1' 
11.8981(2) 
Fe1….Fe1' 
9.7504(3) 
Fe1….Fe2 
11.1638(9) 
Fe1….Fe1' 
11.9343(10) 
Fe1….Fe1' 
16.2610(4) 
Fe1….Fe2 
11.2517(29) 
--- --- --- 
S1….S1' 
21.4257(21) 
S1….S1' 
25.6847(11) 
S1….S2 
20.6091(29) 
Bond angles 
[°] 
--- --- --- 
S1-C1-N1 
179.7(4) 
S1-C1-N1 
178.85(18) 
S1-C1-N1 
178.0(6) 
S2-C30-N2 
178.0(7) 
--- --- --- 
C1-N1-Fe1 
173.5(3) 
C1-N1-Fe1 
176.56(15) 
C1-N1-Fe1 
173.2(6) 
C30-N2-Fe2 
174.1(7) 
I1-Fe1-C1 
176.98(8) 
I1-Fe1-C1 
178.90(4) 
I1A-Fe1-C1 
175.88(14) 
I2A-Fe2-C8 
177.37(16) 
N1-Fe1-C2 
179.08(14) 
N1-Fe1-C2 
178.58(7) 
N1-Fe1-C22 
177.9(3) 
N2-Fe2-C29 
177.0(3) 
Fe1-C1-C2 
176.6(2) 
Fe1-C1-C2 
177.21(13) 
Fe1-C1-C2 
179.2(4) 
Fe2-C8-C7 
176.2(4) 
Fe1-C2-C3 
177.4(3) 
Fe1-C2-C3 
177.61(16) 
Fe1-C22-C23 
179.1(6) 
Fe2-C29-C28 
 
C1-C2-C3 
176.5(3) 
C1-C2-C3 
172.67(15) 
C1-C2-C3 
176.0(4) 
C8-C7-C6 
175.2(5) 
C2-C3-C4 
175.9(4) 
C2-C3-C4 
176.4(2) 
C22-C23-C24 
175.8(7) 
C29-C28-C27 
178.0(8) 
a average bond length. 
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Figure S66. Molecular structures of: 5. Solvent molecules and selected hydrogen atoms are omitted for clarity. 
 
 
 
 
 
Refinement details. In the crystal structure of 1, one ethyl group is disordered over two sets of positions 
with site-occupancy factors of 0.253(9) and 0.747(9). Some SHELXL bond distance restraints (SADI) were used 
to correct the geometry of the disordered components. All non-hydrogen atoms were refined anisotropically. 
All hydrogen positions were calculated after each cycle of refinement using a riding model, with C—H = 0.93 
Å and Uiso(H) = 1.2Ueq(C) for aromatic H atoms, with C—H = 0.97 Å and Uiso(H) = 1.2Ueq(C) for methylene H 
atoms, and with C—H = 0.96 Å and Uiso(H) = 1.5Ueq(C) for methyl H atoms. In the crywstal structure of 2, the 
molecule lies on a two-fold rotation axis that passes through the substituted benzene ring (symmetry code: i = 
-x-1/2, y, -z). All non-hydrogen atoms were refined anisotropically. All hydrogen positions were calculated 
after each cycle of refinement using a riding model, with C—H = 0.93 Å and Uiso(H) = 1.2Ueq(C) for the 
aromatic H atoms, with C—H = 0.97 Å and Uiso(H) = 1.2Ueq(C) for the methylene H atoms, and with C—H = 
0.96 Å and Uiso(H) = 1.5Ueq(C) for the methyl H atoms. In the crystal structure of 4, the main residue is 
disordered at 69%. The central part of the molecule Fe-C2-C4H2S-C2-Fe is not disordered which makes the 
determination unambiguous. The selected crystal was clearly a monocrystal: 99.7% of the diffraction peaks fit 
with the cell parameters. No merohedral twinning is observed. A total number of 74 restraints had to be used 
to correct the geometry of the disordered components of the molecule and the thermal parameters of the 
corresponding atoms. All non-hydrogen atoms were refined anisotropically. All hydrogen positions were 
calculated after each cycle of refinement using a riding model, with C—H = 0.93 Å and Uiso(H) = 1.2Ueq(C) 
for aromatic H atoms, with C—H = 0.97 Å and Uiso(H) = 1.2Ueq(C) for methylene H atoms, and with C—H = 
0.96 Å and Uiso(H) = 1.5Ueq(C) for methyl H atoms. In the crystal structure of 5, only the main core of the 
molecule, C12Fe3, did not show any disorder. The whole molecule appeared clearly with most of the structure 
solution programs. Unfortunately, attemps to refine the model with a site-occupancy of 1 for all atoms 
resulted to very large isotropic parameters. The depe ligand is well know to exhibit disorders, sometimes even 
all atoms of the ligand are disordered, it seems to be the case here for all three depe ligands. The fact that the 
crystal and the data collection were of a good quality, and that the non-disordered core confirms the expected 
molecule, we did refine the crystal structure of the compound to present the result in the Supporting 
Information (Appendix). First, the main core including the P and I atoms were freely refined, and then all C 
positions were located in Fourier difference maps, their xyz coordinates and isotropic parameters were fixed 
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(Uiso = 0.08 for the ethane bridge C atoms, Uiso = 0.10 for the methylene C atoms of the ethyl groups, and Uiso = 
0.015 for the methyl C atoms of the ethyl groups). Restraints had to be used to correct the geometry of some 
parts of the molecules, but we tried to check systematically bond distances and angles to unfix as many 
coordinates as possible. The Fe, I, P atoms as well as the central 12 C atoms were anisotropically refined. All 
hydrogen positions were calculated after each cycle of refinement using a riding model, with C—H = 0.93 Å 
and Uiso(H) = 1.2Ueq(C) for aromatic H atoms, with C—H = 0.97 Å and Uiso(H) = 1.2Ueq(C) for methylene H 
atoms, and with C—H = 0.96 Å and Uiso(H) = 1.5Ueq(C) for methyl H atoms. In the crystal structure of 6, the 
dinuclear species lies on an inversion center located in the middle of the central benzene ring (symmetry 
code: i = -x+1, -y, -z+1). It cocrystallized with solvent molecules of dichloromethane in a ratio 1:2. The terminal 
CH3 group of one ethyl ligand is disordered over two sets of positions with site-occupancy factors of 0.367(9) 
and 0.633(9). Some restraints had to be used to correct the geometry of the disordered parts and the thermal 
parameters of the corresponding atoms. All non-hydrogen atoms were refined anisotropically. All hydrogen 
positions were calculated after each cycle of refinement using a riding model, with C—H = 0.93 Å and Uiso(H) 
= 1.2Ueq(C) for aromatic H atoms, with C—H = 0.97 Å and Uiso(H) = 1.2Ueq(C) for methylene H atoms, and with 
C—H = 0.96 Å and Uiso(H) = 1.5Ueq(C) for methyl H atoms. In the crystal structure of 8, the dinuclear species 
lie on a center of inversion located in the middle of the central C—C bond. The second part of the molecule is 
obtained by a symmetry operation (-1-x, -y, -z). Two ethyl ligands are disordered over two sets of positions 
with site occupancy ratios of 0.495 (8):0.505 (8) and 0.220 (4):0.780 (4). All hydrogen positions were 
calculated after each cycle of refinement using a riding model, with C—H = 0.93 Å and Uiso(H) = 1.2Ueq(C) for 
aromatic H atoms, with C—H = 0.97 Å and Uiso(H) = 1.2Ueq(C) for methylene H atoms, and with C—H = 0.96 
Å and Uiso(H) = 1.5Ueq(C) for methyl H atoms. In the crystal structure of 9, the diphosphine ligands bound to 
Fe2 are fully disordered over two sets of positions with a site-occupancy ratio of 0.5:0.5. Many SHELXL 
restraints and/or constraints (84 vs. 584 parameters) had to be used to correct the geometry of the disordered 
components (DFIX, DANG, SAME) and the thermal parameters of the corresponding atoms (EADP). All 
hydrogen positions were calculated after each cycle of refinement using a riding model, with C—H = 0.93Å 
and Uiso(H) = 1.2Ueq(C) for aromatic H atoms, with C—H = 0.97Å and Uiso(H) = 1.2Ueq(C) for methylene H 
atoms, and with C—H = 0.96Å and Uiso(H) = 1.5Ueq(C) for methyl H atoms. 
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Cyclic Voltammetry Studies 
 
 
 
Figure S67. Cyclic voltammograms for 1 in NBu4PF6 (0.1M) at three different chart rates; 
rt, Au electrode; E vs. Fc0/+ (external) 
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Figure S68. Cyclic voltammograms for 2 in NBu4PF6 (0.1M) at three different chart rates; 
rt, Au electrode; E vs. Fc0/+ (external) 
 
 
Figure S69. Cyclic voltammograms for 3 in NBu4PF6 (0.1M) at three different chart rates; 
rt, Au electrode; E vs. Fc0/+ (external) 
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Figure S70. Cyclic voltammograms for 4 in NBu4PF6 (0.1M) at three different chart rates; 
rt, Au electrode; E vs. Fc0/+ (external) 
 
 
 
 
Figure S71. Cyclic voltammograms for 5 in NBu4PF6 (0.1M) at three different chart rates; 
rt, Au electrode; E vs. Fc0/+ (external) 
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Figure S72. Cyclic voltammograms for 8 in NBu4PF6 (0.1M) at three different chart rates; 
rt, Au electrode; E vs. Fc0/+ (external) 
 
 
 
 
 
Figure S73. Cyclic voltammograms for 10 in NBu4PF6 (0.1M) at three different chart rates; 
rt, Au electrode; E vs. Fc0/+ (external) 
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6. SCOPE OF THE THESIS 
 
 
 
 
 
Single molecules constitute the smallest discrete units to build electronic devices at the 
molecular level. Key requirements for suitable molecular units are structural rigidity, resonant 
conductivity along chosen pathways and the option to manipulate and thus modulate the 
charge transport. One route towards such molecular units is to embed redox active metal 
centers in conjugated organic moieties, thereby deploying the metal centers as relays for the 
transported charge. Such organometallic architecture is also attractive due to the possibility to 
vary structural motifs, electron density and work functions, thus obtaining fundamental 
knowledge on the relationship between molecular structure and electronic properties. 
 
This thesis aimed at constructing such organometallic fully conjugated systems by 
incorporating Fe centers into alkyne based scaffolds and investigating their physico-chemical 
and electronic properties.  
 
Within the Subproject 1 a series of rigid-rod, one dimensional single molecules in the low 
nanometer range was synthesized, which were investigated using in-situ 
spectroelectrochemistry and found to exhibit strong electronic coupling over the length of the 
conjugated chain. The applied iterative synthetic technique prolongs the chain by forming 
new iron-carbon bonds.  
 
_________________________________________________________________________________________________
The employment of different building blocks allows the modific
(Figure 1). To probe the relationship between 
electronic properties, Subprojects 2 and 3 aimed at varying these motifs and investigating the 
induced property changes using electrochemical and single molecule conductance 
measurements.  
 
 
 
Figure 1. Structural drawing of a sp/sp
bound to molecular sized Au electrodes. Question marks indicate structurally variable sites: 
(red) electrode binding anchor group, (blue) bridging ligand.
 
Within Subproject 2 the electrode binding anchor groups of a 
C≡C−C≡C–{Fe} fragment were gradually varied
molecular electronics towards deploying selected delocalized substituents known in general 
organometallic chemistry in the new context of molecular
 
Subproject 3 entails the modification of the electron transfer pathway by varying the bridging 
ligand connecting the two iron cores
6
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ation of structural motifs 
molecular structure and electric
2
 based framework containing two Fe centers and 
 
highly delocalized {Fe}
 from anchorgroups known in organic
 electronics.  
 whereas the anchoring group is kept unchanged.
 
 
. Scope of the Thesis 
 
 
 
 
al as well as 
 
 
–
-based 
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6.1 STEPWISE CONSTRUCTION AND SPECTROELECTRIC PROBING OF A TETRA-
IRON MOLECULE
 
 
 
Manuscript: F. Lissel, T. Fox, O. Blacque, W. Polit, R. F. Winter, K. Venkatesan, H. Berke 
"Stepwise Construction of an Iron-Substituted Rigid-Rod Molecular Wire: Targeting a 
Tetraferra-Tetracosa-Decayne", J. Am. Chem. Soc. 2013, 135 (10), 4051-4060 
 
 
 
Synthesis and Characterization 
To probe the electric properties of iron-alkyne based scaffolds and their suitability for 
molecular electronic applications, it was necessary to develop the synthetic pathways to build-
up highly symmetric frameworks with open termini in order to access higher analogues.  
 
Starting from a simple and well-known mononuclear precursor trans-Fe(depe)2I2, two tetra-
iron molecules X{Fe}C4{Fe}C4{Fe}C4{Fe}X ({Fe} = Fe(depe)2; depe = 1,2-
bis(diethylphosphino)ethane; X = I 6, C4SiMe3 7) were assembled (Scheme 1). The stepwise 
build-up proceeds over a series of dinuclear intermediates X{Fe}C4{Fe}X ({Fe} = Fe(depe)2; 
X = I 2, C4SiMe3 3, C4H 4, C4SnMe3 5) which were all isolated. 
 
All compounds were characterized by 1D and 2D NMR studies, IR, and Raman 
spectroscopies and by elemental analyses. X-ray diffraction of the dinuclear complexes 
(Figure 2) revealed highly symmetrical structures with rigid-rod R−{Fe}−C4−{Fe}−R 
backbones.  
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Scheme 1. Stepwise synthesis of the tetraferra-tetracosa-decayne complex 7. 
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X-Ray Diffraction 
X-Ray diffraction analyses of the three C
with rigid-rod RC4−{Fe}−C4−
Fe-Fe distance is clearly elongated. This can be attributed to the even more pronounced 
butadiyndiyl character of the bridge, marked
is being overcompensated by elongations of the 
 
 
 
Figure 2. Molecular structure of 5.
molecules and selected hydrogen atoms are omitted for clarity.
 
 
Cyclic Voltammetry 
Cyclic voltammetric studies showed that compounds 
defined oxidations with high K
species (Table 1). The dinuclear complexes 
related to the gradual oxidation of the two metal centres and a third wave at a more positive 
potentials related to the oxidation of the bridging ligand. 
the tetranuclear complexes 6 and 
waves (Table 1) marking the successive oxidation of all four metal centers, at very negative 
potentials. 
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4R disubstituted compounds 3 - 5
{Fe}−C4R backbones. Compared to the diiodo complex 
 by a slight contraction of the triple bonds, which 
Fe−C and C−C single bonds.
 Ellipsoids are set at 30% probability level. Solvent 
2 - 7 undergo reversible and well
c values indicating thermodynamically stable mixed valence 
3 - 5 exhibit three reversible oxidation
The cyclic voltammetric studies of 
7 exhibited four individually resolved, reversible oxidation 
 
 showed structures 
2, the 
 
 
 
-
 waves, two 
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Table 1. Electrochemical data of the di- and tetranuclear complexes. 
Compd. 
 
E1/2 (0/+1) 
[mV] 
E1/2 (+1/+2) 
[mV] 
∆E(1,2) 
[mV] 
Kc 
 
E1/2 (+2/+3) 
[mV] 
E1/2 (+3/+4) 
[mV] 
∆E(3,4) 
[mV] 
        
2 a -905 -362 543 1.9 x 109 -- -- -- 
3 a -863 -423 440 3.3 x 107 306 -- -- 
4 a -880 -421 459 6.9 x 107 316 -- -- 
5 a -893 -446 447 4.3 x 107 268 -- -- 
6 b -1434 -1099 335 5.3 x 105 -650 -435 215 
7 a -1204 -873 331 4.5 x 105 -553 -421 135 
Measurements performed with an Au working electrode and a Pt counter electrode, and a nonaqueous reference 
electrode (Ag/AgCl) with a scan rate of 100mV/s. Calibrated against Fc0/+ as an external calibrant. a in 
THF/Bu4NPF6 (0.1M) at rt; b in CH2Cl2/Bu4NPF6 (0.1M) at rt. 
 
 
Neither complex 6 nor complex 7 exhibited further reversible oxidation waves within the 
potential window of the given electrolyte that could be attributed to redox processes of the 
organic units. It has to be noted that the successive oxidations of the metal centers occur at  
very negative potentials, while the oxidation of the carbon-rich bridging ligand of 3, 4 and 5 
was observed at a much more positive potential. The separations of individual half-wave 
potentials for both tetranuclear compounds are not as large as for the dinuclear complexes, but  
still substantial and well sufficient to allow a spectroelectrochemical probing of individual 
oxidation states. 
 
 
Spectroelectrochemical Studies 
The electronic properties of complexes 2, 3 and 7 were investigated by spectroelectrochemical 
measurements. In all cases, the first oxidation led to the growth of an intense and broad near  
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infrared (NIR) band of electronic origin (Figure 3 for the dinuclear 
which is assigned as the Fe(II)/Fe(III) intervalence charge transfer (IVCT) absorption. For 
both dinuclear complexes 2 and 
as a measure of ground-state delocalization clearly exceeds the value of 0.50 delimiting the 
Class II-III transition and hence point to extensive charge
species. For the tetranuclear complex
regime of strongly delocalized systems, yet at the Class II/III borderline. Spectral 
deconvolution of the NIR part of the electronic spectrum reveals the presence of a second NIR 
band whose calculated Γ value of 0.25 is typical of an IVCT transition within a mixed
system of Class II parentage.  
 
 
Figure 3. UV/Vis/NIR spectroscopic changes in an OTTLE cell (1,2
M at rt) during the first (top left
first (bottom left) and the second (
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3 and
3, the Γ value as introduced by Brunschwig, Creutz and Sutin 
-delocalization in this mixed
 7 the calculated Γ value of 0.51 places 
-C2H4
) and the second oxidation (top right) of complex 
bottom right) oxidation of complex 
 
 tetranuclear 7) 
 
-valence 
7+ still in the 
 
-valent 
 
Cl2/NBu4BArF4 0.2 
3 and the 
7  
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At variance with 32+, doubly oxidized 72+ still retains a rather strong NIR band with a 
corresponding Γ value of 0.21 (Figure 3). This finding provides a clue that both the first and 
the second oxidation within the bis(butadiynediyl) bridged tetra-iron molecule take place at 
the inner iron cores, thus leading to an electronic system of 72+ where only one type of IVCT 
transitions, that is from each of the outer to the neighbouring innersite, is observed. All three 
investigated molecules show extensive vibrational coupling along the unsaturated iron-alkyne 
backbone.  
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6.2 VARYING THE ANCHORING GROUPS OF AN ORGANOMETALLIC MOLECULAR JUNCTION 
 
 
 
F. Lissel, F. Schwarz, O. Blacque, H. Riel, E. Lörtscher, K. Venkatesan, H. Berke J. Am. 
Chem. Soc., 2014, DOI: 10.1021/ja507672g 
 
 
F. Schwarz, G. Kastelunger, F. Lissel, H. Riel, K. Venkatesan, H. Berke, R. Stadler, E. 
Lörtscher NanoLetters 2014, DOI: 10.1021/nl5029045 
 
 
 
 
 
Synthesis and Characterization 
A homologous series of X{Fe}C≡C−C≡CFe{Fe}X complexes ({Fe} = Fe(depe)2, depe = 1,2-
bis(diethylphosphino)ethane; X = I 2, NCMe 8, N2 9, C4SnMe3 5, C2H 10, C2SnMe3 11, NCSe 
12, NCS 13, CN 14, SH 15 and NO2 16) was designed to systematically study the influence of 
the anchorgroup on organometallic single-molecule junctions to achieve high-conductive 
molecular wires (Scheme 2). All compounds were characterized by 1D and 2D NMR studies, 
IR, and Raman spectroscopies, elemental analyses and X-ray diffraction. 
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Scheme 2. Structures of a series of {Fe}–C≡C−C≡C–{Fe} based complexes. 
 
 
Cyclic Voltammetry 
In cyclovoltammetric studies, complex 15 does not exhibit reversible oxidation processes 
probably due to the formation of dithiol compounds. All other compounds show reversible 
and well-defined oxidations with high Kc values, albeit at varying potentials (Table 2).  
 
Table 2. Cyclic voltammetry data of the dinuclear complexes 10 - 16 
Compd. 
 
E1/2 (0/+1) 
[mV] 
E1/2 (+1/+2) 
[mV] 
∆E 
[mV] 
Kc 
 
E1/2 (+2/+3) 
[mV] 
5 -503 -48 456 6.0 x 107 671 
10 -453 10 -462 7.7 x 107 799 
11 -458 5 -463 7.9 x 107 --- 
12 -428 24 -452 5.1 x 107 --- 
13 -372 106 -478 14.5 x 107 848 
14 -421 10 -431 2.2 x 107 729 
15 --- --- --- --- --- 
16 -497 -14 -483 17.7 x 107 735 
Measurements at rt in THF/NBu4PF6 (0.1M) with an Au working electrode, a Pt counter electrode, and an Ag 
reference electrode. Calibrated against Fc0/+ as an external calibrant. 
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DFT I: MO Calulations 
The molecular geometries of the model complexes 5H-Me, 10-Me, 12-Me, 13-Me, 14-Me, 15-
Me and 16-Me were optimized with a Ci (inversion center) or a C2 (two-fold axis) symmetry, 
and dmpe as equatorial ligands (dmpe = 1,2-bis(dimethylphosphino)ethane). As the SnMe3 
groups of 5 and 11 are expected to cleave off to form a covalent C-Au bond, calculations were 
carried out for the H terminated models 5H -Me (HC4(dmpe)2Fe−C4−Fe(dmpe)2C4H) and 10-
Me (HC≡C(dmpe)2Fe−C4−Fe(dmpe)2C≡CH). 
 
Single-point calculations were carried out for the determination of the molecular orbital 
energies. The HOMO and LUMO energies are given in Table 3.  
 
To achieve a resonant transport, which would be an important goal for this series of 
complexes, the molecular orbitals of the probed molecule should be aligned to EF of the 
macroscopic electronic leads. The work of Pearson established that ∆E(H-L) derived from DFT 
calculations can be correlated to hardness associated with a weakening of polarizability and 
therefore an increase in chemical hardness.  
 
The MO levels of the isolated molecules are aligned to EF in the order 13-Me < 14-Me = 12-
Me < 16-Me < 5H-Me < 15-Me < 10-Me. It has to be noted however, that the calculations 
were carried out for isolated molecules in the gas phase, whereas for the MCBJ experiments, a 
solid state behaviour of the complexes has to be assumed. The interactions with the Au 
electrodes are not considered by the chosen level of DFT. Still, the calculations show that the 
energetic positions of the molecular orbitals and the extent of the HOMO/LUMO gap can be 
tuned by varying the terminal ligand of a X{M}C4{M}X, even if metal center, bridging and 
equatorial ligands are kept unaltered.  
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Table 3. Selected distances (Å) computed at the PBE1PBE/LANL2DZ level and derived from 
X-ray studies, HOMO and LUMO energies (eV), HOMO/LUMO gap (eV) and absolute 
electronegativity χ computed at the PBE1PBE/LANL2DZ//PBE1PBE/6-311+g(d) level. 
 
X 
 
X…X (X-ray) 
[Å] 
X…X (DFT) 
[Å] 
LUMO 
[eV] 
HOMO 
[eV] 
∆E(H-L) 
[eV] 
Χ 
[eV] 
SH S…S = 12.3435(17) 12.54 -0.33 -4.16 3.83 2.25 
NO2 O…O = 12.830(3) 13.15 -0.57 -4.58 4.01 2.58 
CN N…N = 13.738(4) 13.93 -0.39 -4.41 4.02 2.40 
C2H C…C = 13.896(6) 14.08 -0.28 -4.07 3.79 2.18 
NCS S…S = 16.940(3) 17.34 -0.57 -4.60 4.03 2.59 
NCSe Se…Se = 17.3280(15) 17.59 -0.60 -4.62 4.02 2.61 
C4H C…C = 19.015(12) 19.26 -0.40 -4.33 3.93 2.37 
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Single-Molecule Transport Measurements
Based on the results of the spectroscopic and electrochemical studies as well as of the 
computational findings, complexes 
single-molecule level using a MCBJ setup. 
 
Figure 4 shows that compounds 
capped compounds 5 and 11 
reduction in length and a shorter electrode
system. The junction’s lengthdetermines also the direct electron
between the electrodes, a non
one. The Au–12–Au, Au–13–
also the lengths of the Au–11′
 
 
 
Figure 4. top: Compounds 12
electrodes. bottom: The SnMe
formed yielding the 
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5, 11 - 14 were chosen for transport measurements at the 
 
12 -14 bind coordinatively to Au, whereas the SnMe
allow for covalent bonding. The loss of the SnMe
–electrode distance for resulting Au
-tunneling contribution 
-negligible electron path the parallel to the molecular
Au, Au–5'–Au junctions are in a comparable length range, and 
–Au Au–14–Au systems are similar (Table 3).
 - 14 with corresponding reaction schemes upon coupling to Au 
3 endgroups of 5 and 11 cleave off and direct C
Au–5'–Au and Au–11'–Au junctions.
 
3 end 
3 leads to a 
–molecule–Au 
-mediated 
 
 
–Au bonds are 
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Conductance at Room Temperature
All complexes 5, 11 - 14 were studied at room temperature under ultra
conditions. For 14, only histograms could 
accumulation at 8.1 x 10−7 G
CN anchor to bind to the Au surface, rendering the endgroup rather inefficient for electron 
injection. The statistical transport measurements of 
and consistent results that are displayed in Figure 5. The data presented shows representative 
and individual I-V characteristics for Au
current is increasing with increasing bias for all compounds, indicating that the frontier MOs 
get energetically better aligned with the chemical potentials of left or right leads. At 300 K the 
MOs are broadened thermally and generally a non
behavior with only a few distinguishable features is found. The transport curves differ 
strongly in A) the current amplitude at both low and high bias, B) the current onset (at zero 
bias) and C) the signal to noise ratio. 
 
 
Figure 5. Current - Voltage (I
(green), Au-5'-Au
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-high vacuum (UHV) 
be acquired revealing a less pronounced 
0. Most likely the phosphine ligands sterically hinder the short 
11', 5', 12 and 13 provided reproducible 
-11' (green), 5' (red), 12 (black) and 
-linear (almost exponential) functional I
 
-V) characteristics taken at 300 K for the junctions 
 (red), Au-12-Au (black) and Au-13-Au (blue).
 
. Scope of the Thesis 
 
 
 
 
13 (blue). The 
-V 
 
Au-11'-Au 
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A) The current levels of compound 13 (blue) and 12 (black) differ by almost one order of 
magnitude, rendering NCS coupling the weakest among all coupling motifs studied here. 
Compounds 11' and 5' with direct C-Au coupling revealed an approximately hundred and a 
thousand fold increase in current compared to NCSe and NCS termination. As the Fe-C4-Fe 
molecular backbone is kept equal in all four compounds, charging effects that may shift the 
MO’s energy levels in the Au-molecule-Au systems are expected to be similar for all 
compounds. Hence the current levels represent in a first-order approximation the electronic 
coupling strength of the corresponding endgroup, showing the NCSe termination couples 
better compared to NCS as the current is increased by a factor of ten. The current level of the 
direct C-Au bond is at least two orders of magnitude higher compared to NCSe and three 
orders of magnitude compared to the NCS termination. 
 
B) The functional current increase when starting the bias sweep at zero is similar for NCS and 
NCSe. For the direct C-Au coupling, a very abrupt increase in current is found, indicating that 
resonant MOs or MOs close-to-resonance are available at EF and that the contribution of the 
MOs next to the frontier ones to transport is minor in the bias window available 
 
C) The noise in the current can be used as a measure for the junction stability under electrical 
load. The current fluctuations are one order of magnitude smaller for C-Au coupling 
compared with NCS coupling, in particular for voltages larger than ±0.4 V, indicating that the 
C-Au bond has very limited bond fluctuations. 
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Conductance at Low Temperature
In contrast to room temperature measurements, the MOs usually become apparent in 
characteristics at low temperatures, because of the reduced thermal broadening. For 
conductance gap and several discrete MO resonances are found at temperatures under 100 K 
(Figure 6). In addition, many 
conductance switching. For compound 
were recorded at low temperatures. Figure 6 shows 100 
characteristics of 5', taken at 50 K. Besides the absence of discrete MO peaks, the transport 
properties are more linear and the current levels are 3 to 4 orders of 
 
 
 
Figure 6. I–V and GDif - V characteristics taken at low temperatures for 
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I–V characteristics have the appearance of hysteretic 
5', only monotonous curves without a conducta
I–V (C), and 
magnitude higher.
 
Au
and for Au−5'−Au (C, D). 
 
. Scope of the Thesis 
 
 
 
 
G–V 
13, a 
nce gap 
GDi f f -V (D) 
 
 
−13−Au (A, B) 
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DFT II: Conductance  
The results of further DFT calculations for the transmission functions and eigenenergies of th
respective orbitals HOMO and HOMO
compounds 5', 11', 12 - 14. Both the eigenvalues and the shape of the relevant MOs are 
similar for all systems, consisting of p
and containing equal amounts of both Fe d
differ only in the sense that they are rotated by 90
energetical proximity and therefore the double
 
The conductance at zero bias is mainly influenced by the tails of the HOMO and HOMO
peaks, leading to quite different values among the compounds investigated. 
 
Figure 7. (A)Transmission functions for 
(black). (B). Spatial distributions of the HOMO and HOMO
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-1
 relative to EF are presented in Figure 7 for the 
-orbitals delocalized over the entire mole
-states. For each system, the HOMO and HOMO
◦ to each other, which explains their 
-peak structure in the transmission function.
 
14 (yellow),. 13 (green), 12 (blue),
-1
 and the energetic positions of 
the MOs with respect to EF 
 
e 
cular backbone 
-1
  
 
-1
 
 
 5' (red) and 11' 
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Although the metal–molecule coupling is quite high for all anchorgroups, the two C
endgroups surpass the others with rather strong covalent bonding. As a consequence of the 
hybridization of the MOs and the leads, even the rather long C
conductance than the coordinatively bonding endgroups CN, NCS and NCSe. The strong 
hybridization might also be the reason why the hysteretic switching behavior found in 
low temperatures was not revealed in the C
intrinsic functionality is prohibited.
 
The hybridization of metal and molecula
delocalized electronic system between the two Fe centers over the molecule
interfaces, in contrast to the weakly bonded 
 
 
 
Figure 8. Schematic representation of the 
6
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4 anchors of 
–Au coupled 5' as the MOs are more pinned and 
 
r states in the case of Au−5'−Au
Au−13−Au system (Figure 8). 
 
Au−13−Au (C) and the Au−5'−Au
 
 
 
 
 
 
 
 
 
. Scope of the Thesis 
 
 
 
 
–Au 
5' lead to a higher 
13 at 
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6.3 CARBYL/METHYNE-BASED BRIDGES IN DI- AND TRINUCLEAR REDOX-ACTIVE IRON 
COMPLEXES 
 
 
Manuscript in Revision (Organometallics, accepted after major revisions): F. Lissel, O. 
Blacque, K. Venkatesan, H. Berke: Structural and Electronic Variations of Carbyl/Methyne-
Based Bridges in Di- and Trinuclear Redox-Active Iron Complexes Bearing 
Fe(diphosphine)2X (X = I, NCS) Moieties 
 
 
 
Syntheses and Characterization 
Assuming a resonant charge transport, the conductance pathway will follow the bonds of the 
organometallic backbone. Therefore a change of hybridisation and geometry of the bridging 
ligand can be expected to have a significant influence on molecular conductance and possibly 
allow a modification of the electric and electronic properties of a molecular junction. A series 
of di- and trinuclear molecules with varying bridging and terminal ligands was synthesized 
(Scheme 3). 
 
Complexes 17 - 26 were characterised by 1D and 2D NMR studies, IR, and Raman 
spectroscopies and elemental analyses. Structural studies using X-ray diffraction were carried 
out for all compounds except 19 and 22.  
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Scheme 3. Structures of dinuclear frameworks with varying bridging and terminal ligands 
 
 
(a) 0.5 eq 1,4-bis((trimethylstannyl)ethynyl)benzene, THF, 12 h, reflux; (b) 0.5 eq 1,3-
bis((trimethylstannyl)ethynyl)benzene, THF, 12 h, reflux; (c) 0.5 eq 4,4'-bis((trimethylstannyl)ethynyl)biphenyl, 
THF, 12 h, reflux; (d) 0.5 eq. 2,5-bis((trimethylstannyl)ethynyl)thiophene, toluene, 80 °C, 12 h; (e) 0.5 eq 1,3,5-
tris((trimethylstannyl)ethynyl)benzene, THF, 12 h, reflux; (f) 20 eq. NaSCN, Me3CN, reflux, 12 h; (g) 20 eq. 
NaSCN, Me3CN, reflux, 5 h; (h) 20 eq. NaSCN, Me3CN, reflux, 12 h; (i) 20 eq. NaSCN, Me3CN, reflux, 12 h; 
(j) 20 eq. NaSCN, Me3CN, reflux, 5 h. 
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Cyclic Voltammetry 
As can be expected, the insertion of an sp2 hybridized area into the conductance pathway 
causes a drastic decrease of thermodynamic the stabilisation of the mixed valence species in 
comparison to the butadiyne based frameworks. The 1,3-diethynyl-benzene and 4,4'-
diethynyl-biphenyl bridged dinuclear complexes, as well as the trinuclear complexes, showed 
one reversible oxidation wave indicative of a localized charge. Consequently, the oxidation 
waves of the 1,3-diethynyl-benzene and 4,4'-diethynyl-biphenyl bridged systems correspond 
to 2e- processes and similary the one of the trinuclear complexes to 3e- processes.  
 
The first oxidation wave of the 2,5-diethynyl-thiophene bridged complexes 20 and 25 
appeared at a more negative potential compared to the C4 bridged complex 13 (Table 4) 
suggesting that the 2,5-diethynyl-thiophene bridge is less-electron withdrawing and 
consequently indicative that the HOMO should bear larger character of the bridging ligand. 
 
Table 4. Cyclic voltammetry data of the complexes 17 - 18. 
Compd. 
 
E1/2 (0/+1) 
[mV] 
E1/2 (+1/+2) 
[mV] 
∆E 
[mV] 
Kc 
 
17 -385 -231 154 4.2 x 102 
18 -312 -- -- -- 
19 -393 -- -- -- 
20 -472 -192 280 6.0 x 104 
21 -221 -- -- -- 
22 -160 -18 142 2.7 x 102 
23 -174 -- -- --- 
24 -252 -- -- -- 
25 -406 -131 275 5.0 x 104 
26 -112 -- -- -- 
13 -372 106 478 14.5 x 107 
Measurements at 300 K in THF/Bu4NPF6 (0.1M) with an Au working electrode, a Pt counter 
electrode, and an Ag reference electrode. E vs Fc0/+ (external). 
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On a similar line, the occurrence of the single oxidation wave of the 1,3-diethynyl-benzene, 
4,4'-diethynyl-biphenyl and the 1,3,5-triethynyl-benzene bridged compounds at more positive  
potentials (between -112 mV for 26 and -393 mV for 19, ) implies a less accentuated bridging 
ligand character in the respective HOMO. 
 
It has to be noted that for all five different types of bridges discussed, the oxidation waves 
shift to a less negative potential when the terminal iodo ligands are substituted with the 
isothiocyanate functional groups indicating the more electron withdrawing character of the 
pseudohalogenide. 
 
 
 
DFT Calculations 
The molecular geometries of the model complexes 22-Me, 23-Me, 24-Me, 25-Me and the C4 
bridged 13-Me, for which the ethyl groups of the depe ligands were replaced by methyl 
groups, were optimized at the PBE1PBE/LANL2DZ level. The distances of the trinuclear 
compound 26-Me are congeneric to the meta substituted dinuclear complex 23-Me. In all 
cases the calculated and experimentally determined data compare very well and show that the 
lengths of the molecular junctions of the 1,4-(−C≡−C6H4−C≡C−) bridged complex 22 and the 
2,5-(−C≡C−thiophene−C≡C−) bridged 25 are in a comparable range. Also the 1,3- 
(−C≡C−C6H4−C≡C−) substituted 23, the trinuclear complex 26 and the C4 bridged complex 
13 are of a similar length. As the direct distance-dependent through space tunneling is an 
intrinsic part of molecular conductivity measurements of a given molecular junction, the 
different junction lengths would have to be taken into account when comparing the molecular 
conductance. 
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Figure 9. Energies of the frontier orbitals (HOMO and LUMO) of the model complexes 
computed at the PBE1PBE/LANL2DZ//PBE1PBE/6-311+g(d) level and arranged in increasing 
order of the HOMO/LUMO gap ∆E(H-L). Spatial plots of the corresponding orbitals and their 
absolute electronegativity values χ (defined as (I+A)/2 with I = ionization potential, A = electron 
affinity) are represented as a dashed lines halfway between the HOMO and LUMO. 
 
 
 
For 22-Me, 23-Me, 24-Me, 25-Me and the C4 bridged 13-Me, the HOMO and LUMO energies 
are reported in Table 5 and Figure 9. To achieve a resonant transport in potential experiments 
of the measurement of molecular conductivity, which would be an important goal for this 
series of complexes, the molecular orbitals of the probed molecules should be aligned 
approximately to the Fermi level of the macroscopic electronic leads, which is more in the 
energetic range of the HOMO's for all complexes discussed here.  
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Table 5. HOMO and LUMO energies (eV), HOMO/LUMO gap (eV) and absolute 
electronegativity χ computed at the PBE1PBE/LANL2DZ//PBE1PBE/6-311+g(d) level. 
Compd. 
 
LUMO  
(eV) 
HOMO 
 (eV) 
∆E(H-L) 
 (eV) 
χ 
(eV) 
22-Me -0.61 -4.75 4.14 2.68 
23-Me -0.59 -5.03 4.44 2.81 
24-Me -1.18 -4.85 3.67 3.01 
25-Me -0.77 -4.58 3.81 2.68 
13-Me -0.57 -4.60 4.03 2.59 
χ is defined as (I+A)/2 where I is the ionization potential and A is the electron affinity, and here directly obtained 
from the HOMO and LUMO energies. 
 
 
As expected for 18-electron metal complexes, the HOMO/LUMO gap ∆E(H-L) is relatively 
large and lies between 3.67 eV for 24-Me and 4.44 eV for 23-Me. Except for complex 24-Me, 
for which an energetically very low-lying LUMO was calculated, ∆E(H-L) seems to be more 
dependent on the energetic position of the HOMO (Table 5).  
 
These results show that the energetic positions of the molecular orbitals and the extent of the 
HOMO/LUMO and the absolute chemical hardness gap to the position of EF of Au can be 
tuned by varying the bridging ligand of a X{M}Cn{M}X, even if the metal centre, equatorial 
ligands and terminal ligands are kept constant.  
For the discussed molecules, the chemical hardness is consequently increasing in the order 
24-Me < 25-Me < 13-Me < 22-Me < 23-Me. Based on these findings, the coupling between 
the molecule and the gold electrode in measurements of the molecular conductivity can be 
expected to increase in the order 23-Me < 22-Me < 13-Me < 25-Me < 24-Me. 
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7. CONCLUSION AND OUTLOOK 
 
 
 
 
 
The transmetalation of structurally different stannylated bridging units with the mononuclear 
trans-Fe(depe)2I fragment poses a new and facile synthetic pathway to access organometallic 
components suitable for molecular electronics. The dinuclear complexes I{Fe}Rn{Fe}I with 
{Fe} = Fe(depe)2, depe = 1,2-bis(diethylphospino)ethane) and Rn = −C≡C−C≡C− 2, 1,4-
(−C≡C−C6H4−C≡C−) 17, 1,3-(−C≡C−C6H4−C≡C−) 18, 4,4'-(−C≡C−C6H4−C6H4−C≡C−) 19, 
2,5-(−C≡C−thiophene−C≡C−) 20, as well as a trinuclear complex 
{I−Fe(depe)2(C≡C−)}3(1,3,5-C6H3) 21 were obtained in high yields.  
 
The terminal iodides react in facile ways with suitable nucleophiles, allowing the introduction 
of a range of ligands. It was demonstrated that the class of {Fe}C4{Fe} organometallic 
complexes can be modified to incorporate terminal substituents capable of binding to Au 
electrodes to form stable single-molecular junctions by establishing either covalent (e.g. 
C2SnMe3 11, C4SnMe3 5) or coordinative (e.g. NCS 13, NCSe 12, CN 14) bonds to Au 
electrodes.  
 
In a similar fashion the di- and trinuclear systems with different bridging ligands Rn were 
substituted with terminal NCS ligands (complexes 22 - 26) 
 
Also, the {Fe}C4{Fe} system can extended to a homometallic tetranuclear 
Me3SiC4{Fe}C4{Fe}C4{Fe}C4{Fe}C4SiMe3 ({Fe} = Fe(depe)2, depe = 1,2-
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bis(diethylphospino)ethane) complex 7, which showed extensive charge delocalization and 
vibrational coupling over the entire unsaturated organometallic backbone.  
 
For selected dinculear C4 bridged molecules, investigations of the conductance profiles were 
carried out at the single-molecule level using a mechanically controlled break junction. 
 
For the C2 terminated 11' a current level of 6.5 x 10
-7 A at 1.0 V was achieved, reaching 1% 
of the maximal current available for Au-Au Quantum-Point-Contacts (77.6 x 10-6 A at 1.0 V 
assuming one conductance channel), outperforming the currently best conductive molecular 
wire systems (at comparable length), the poly-p-phenylene possessing a C-Au coupling.  
 
The established systematic synthetic approach allows the structural motifs, such as metal 
centers, bridging ligand and equatorial ligand sphere, to be modified in order to modulate the 
charge transport properties.  
 
Upon binding to molecular electrodes, the electron delocalization of the {Fe}–C≡C−C≡C–
{Fe} core is electronically extended towards the leads by hybridization of MO and metal 
states.. The utilization of the sp-hybridized and electronically highly versatile butadiyne 
bridging ligand was demonstrated to drastically increase charge transport rates by lowering 
the injection barrier across the molecule-metal interface. The results show that the 
{Fe}C4{Fe} class are promising to achieve long and highly conductive wires due to an 
extension of the electronic system over the molecule–metal interfaces due to strong 
hybridization.  
 
Therefore the utilization of covalently bonded organometallic frameworks with metal centers 
embedded into the molecular backbone is an attractive concept to achieve low-ohmic 
molecular wires that are strongly required for future nanoelectronics. Beyond that, 
organometallic compounds are an attractive framework for the integration of intrinsic 
functionality for future applications such as redox activity for conductance switching and 
memory application.  
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SYNOPSIS 
 
 
 
 
 
Single molecules constitute the smallest units to build electronic devices. In a fundamental 
research approach iron-alkyne based complexes of the type X(depe)2FeYFe(depe)2X (X 
endgroup, Y bridge) were probed for their spectroscopic and electrochemical properties as 
well as their molecular conductivities, which showed marked dependencies on the X and Y 
groups. 
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LIST OF COMPOUNDS 
 
 
 
Chapter 2 
 
[I−Fe(depe)2–C≡C–C≡C−Fe(depe)2−I]       1 
[Me3Si−C≡C–C≡C−Fe(depe)2–C≡C–C≡C−Fe(depe)2− C≡C–C≡C−SiMe3]  2 
[H−C≡C–C≡C−Fe(depe)2–C≡C–C≡C−Fe(depe)2−C≡C–C≡C−H]   3 
[Me3Sn−C≡C–C≡C−Fe(depe)2–C≡C–C≡C−Fe(depe)2−C≡C–C≡C−SnMe3]  4 
[I−Fe(depe)2−C4−Fe(depe)2–C4−Fe(depe)2−C4−Fe(depe)2−I]    5 
[Me3Si− C4−Fe(depe)2−C4−Fe(depe)2–C4−Fe(depe)2−C4−Fe(depe)2− C4−SiMe3]] 6 
 
 
 
Chapter 3 and 4 
 
[Me−C≡N−Fe(depe)2–C≡C–C≡C−Fe(depe)2−N≡C−Me]
 2+ [I-]2    7 
[N≡N−Fe(depe)2–C≡C–C≡C−Fe(depe)2−N≡N]
 2+ [BAr
F-]2     8 
[H–C≡C−Fe(depe)2–C≡C–C≡C−Fe(depe)2−C≡C–H]     9 
[Me3Sn–C≡C−Fe(depe)2–C≡C–C≡C−Fe(depe)2−C≡C–SnMe3]    10 
[Se=C=N–Fe(depe)2–C≡C–C≡C−Fe(depe)2−N=C=Se]     11 
[S=C=N–Fe(depe)2–C≡C–C≡C−Fe(depe)2−N=C=S]     12 
[N≡C−Fe(depe)2–C≡C–C≡C−Fe(depe)2−C≡N]      13 
[H–S−Fe(depe)2–C≡C–C≡C−Fe(depe)2−S–H]      14 
[O2N−Fe(depe)2–C≡C–C≡C−Fe(depe)2−NO2]      15 
 
 
 
 
272 
 
 
Chapter 5 
 
I–Fe(depe2)–1,4–(C≡C–C6H4–C≡C)–Fe(depe2)–I]     16 
I–Fe(depe2)–1,3–(C≡C–C6H4–C≡C) –Fe(depe2)–I]     17 
[I–Fe(depe2)–4,4–(C≡C–C6H4 –C6H4–C≡C)–Fe(depe2)–I]    18 
[I–Fe(depe2)–4,4–(C≡C–Thiophene–C≡C)–Fe(depe2)–I]    19 
[{I–Fe(depe2)–C≡C–}3–(1,3,5–C6H3)]       20 
[S=C=N–Fe(depe)2–1,4–(C≡C–C6H4–C≡C)−Fe(depe)2−N=C=S]   21 
[S=C=N–Fe(depe)2–1,3–(C≡C–C6H4–C≡C)−Fe(depe)2−N=C=S]   22 
[S=C=N–Fe(depe)2–4,4–(C≡C–C6H4 –C6H4–C≡C)–Fe(depe)2−N=C=S]  23 
[S=C=N–Fe(depe)2–4,4–(C≡C–Thiophene –C≡C)–Fe(depe)2−N=C=S]   24 
[{S=C=N–Fe(depe2)–C≡C–}3–(1,3,5–C6H3)]      25 
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